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“Walk in kindness toward the Earth and every living being. Without kindness and 
compassion for all of Mother Nature’s creatures, there can be no true joy; no internal 
peace, no happiness. Happiness flows from caring for all sentient beings as if they 
were your own family, because in essence they are. We are all connected to each 
other and to the Earth.”  
Sylvia Dolson 
“The oceans are the planet's last great living wilderness, man's only remaining frontier 
on Earth, and perhaps his last chance to prove himself a rational species.”  
 John L. Culliney 
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Abstract  
 
The potential impacts of man-made underwater noise in the oceans has been of 
growing concern in recent decades. To monitor marine fauna populations that 
produce sound and assessing potential impacts, passive acoustic monitoring (PAM) 
has become popular because of its relatively low cost. Although PAM has great 
potential for monitoring of baleen whale populations, the acoustical baseline to 
develop an optimal monitoring plan is yet in development. To optimise PAM for baleen 
whales and improve the accuracy on ecological parameters estimates (e.g. population 
trends), its biases and limitations need to be understood. 
 
This study aimed to improve our current knowledge of biases and limitations of PAM 
for pygmy blue whales (Balaenoptera musculus brevicauda) and humpback whales 
(Megaptera novaeangliae) that migrate through Geographe Bay, Western Australia. 
Underwater sound recording using a single stationary recorder and land-based 
theodolite tracking were undertaken concurrently during the whale migratory season 
in 2010-2011 and 2013-2014. These data were used to: (1) describe the acoustic 
repertoire of each species, where information had not been reported previously (2) 
compare commonly used methods for measuring relative indices of abundance; 
including acoustic energy, counts of vocalising groups of whales (based on the known 
acoustic repertoire), and counts of groups of whales observed visually, (3) evaluate 
biological, environmental, and anthropogenic influences on numbers of vocalising 
groups detected in recordings (‘vocalisation rates’), (4) compare estimated detection 
probabilities for each species under different environmental and anthropogenic 
conditions using acoustic and visual observations and (5) make recommendations for 
the development of optimal monitoring protocols for pygmy blue and humpback 
whales in Western Australia using PAM. Sounds in the vocal repertoire included 17 
non-song sounds produced by humpback whales and five by blue whales. 
Vocalisation rates varied widely between species, with humpback whales detected 
more frequently than pygmy blue whales. Vocalisation rates also varied among years 
and over each migratory season, and between the type of sound (song or non-song); 
but not with environmental conditions and vessel presence. Sound energy measured 
in the form of signal-to-noise ratio was highly correlated with number of vocalising 
groups for humpback whales but only when temporal factors and presence of vessels 
was accounted for. Correlation between sound energy and number of groups visually 
counted was low for both species. Overall, humpback whales had a higher acoustic 
detection probability and were vocal for longer periods of time than blue whales. In 
v 
contrast to pygmy blue whales, humpback whales had cohort-specific detection 
biases with groups of mother-calf pairs or multiple adults having a lower probability of 
detection. As a result of detection biases and variability in vocalisation rates over time 
and between species and sound types identified in this study, it is clear that PAM 
protocols cannot be generalised over the two species. A concurrent acoustic and 
visual observation pilot study is recommended where possible before undertaken a 
purely PAM-based program, if knowledge of a species’ acoustic behaviour and 
ecology within certain habitats is unknown. In this way, recording schedules can be 
optimised and species-specific adjustments can be made to maximise the likelihood 
of detecting less vocal species or quieter cohorts. Ultimately, optimizing monitoring to 
achieve these goals will improve the accuracy of knowledge gained. Thus, species 
that require long-term monitoring, such as baleen whales, could perhaps have an 
initial higher-cost pilot study with the aim of a longer-term more cost-effective 
approach (PAM); thus making improving the basis for conservation and management 
of baleen whales more widely accessible. 
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Chapter 1. 
General Introduction 
Baleen whale populations were decimated in the last century by whaling, and many 
have yet to recover (Thomas et al. 2015; Tulloch et al. 2018). Although populations 
have experienced different levels of recovery, they are now facing other threats as a 
result of changing environmental conditions and increasing human activities. For 
instance, the fitness of baleen whales may be impacted by changes in prey densities 
and distribution associated with climate change (Tulloch et al. 2018). Also, with a 
growing human population, whales are increasingly exposed to anthropogenic noise 
pollution worldwide (Thomas et al. 2015). The low frequencies of anthropogenic noise 
from hydrocarbon and mineral exploration and production, shipping, and other 
industrial development overlap with vocalisations produced by baleen whales to 
communicate (Clark et al. 2009; Hildebrand 2009; Rice et al. 2014; Williams et al. 
2014). Thus, baleen whales may have less and less ability to communicate 
information vital to key life functions such as foraging and reproduction. Regardless 
of the currency or source of threats, to effectively protect and manage baleen whale 
populations there is a need to accurately identify and measure changes in ecological 
parameters such as animal abundance and distribution. By monitoring changes in 
measured parameters in critical habitats and associating those with potential impacts, 
management guidelines and government regulations can be implemented to mitigate 
impacts. Moreover, monitoring ecological parameters is crucial to evaluate long-term 
changes and the recovery of threatened populations.  
Currently, a number of methods for monitoring baleen whale abundance and 
distribution are available and regularly implemented. These methods include a) 
distance sampling which consists of visual counts of whales from aircrafts, boats, or 
land to then assess absolute abundance of animals on the surface of the water,  
(Buckland et al. 2001); and b) mark-recapture methods that uses photography, video 
and / or genetic samples from vessels or aircrafts to assess population abundance 
(Best 2000; Cato et al. 2001; Calambokidis & Barlow 2004; Tiemann et al. 2006; Clark 
et al. 2010; Irvine et al 2014). Passive acoustic monitoring (PAM) techniques normally 
use distance sampling methods to monitor relative numbers of vocalising animals or 
to estimate parameters for use in estimating absolute abundance (Marques et al. 
2009; Mellinger et al. 2009; Küsel et al. 2011; Marques et al. 2011; Marques et al. 
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2012; Risch et al. 2012; Marques et al. 2013; Martin et al. 2013; Mellinger et al 2014). 
Visual or acoustic counts used in distance sampling can result in presence/absence 
information as well as estimates of relative abundance. Relative abundance 
represents a proportion of individuals at a particular place, while absolute abundance 
is the total number of individuals at a particular place. For instance, relative 
abundance may be the number of whales observed at the surface of the water at a 
site during one day, while absolute abundance would be the total number of whales 
(at and below the surface of the water) at that site during one day. Absolute 
abundance estimates can be undertaken through various approaches, but all of these 
attempt to estimate the proportion of individuals that were missed during a sampling 
occasion (e.g. Buckland et al. 2001). When applied to monitoring animal abundance, 
the collection of photographs follows a “mark-recapture” approach. In this method, the 
absolute abundance of individuals present in an area is estimated based on the 
proportion of individuals that are sampled in the initial and subsequent surveys (e.g. 
Calambokidis & Barlow 2004; Barlow et al. 2011). Similarly, PAM can provide 
presence/absence information, relative abundance, and indices of relative 
abundance. Methods for absolute abundance estimation are also being developed for 
acoustic applications. PAM achieves this by using detections of species-specific 
vocalisations as ‘proxies’ for the presence of individuals of that species. 
 
Each of the methods described above has its strengths and limitations; which may 
vary with species, location and season. Some methods have a relatively short 
detection range from the survey platform but a broader region can be covered during 
surveys (e.g., vessel-based surveys), while others can have a relatively long detection 
range but only cover one particular region near the coast (e.g., high-elevation land-
based visual observations).  Most visual-based methods, or those requiring good 
visual conditions (photography and videography), cannot be undertaken in poor 
weather or low light conditions. The collection of genetic samples requires close 
approaches to whales from a vessel, thus good weather conditions are required for 
the vessel to operate. Furthermore, methods that use aircrafts and vessels as survey 
platforms tend to be relatively expensive. As a result of the limitations in visual-based 
surveys, PAM has increasingly become popular as a technique for monitoring whales 
and their environment. PAM is often relatively cheap and easy to implement for long-
term monitoring programs (Marcoux et al. 2011; Salgado Kent, Gavrilov et al. 2012; 
Erbe 2013; Nowacek et al. 2013; McCauley et al. 2017), and it is also capable of 
autonomous data collection across large areas and in remote locations, regardless of 
weather conditions. Additionally, in contrast to vessel-based surveys it does not 
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influence a species’ behaviour through disturbance. These characteristics have led to 
the development of long-term passive acoustic monitoring (PAM) programs (e.g. 
Integrated Marine Observation System (IMOS) in Australia; Erbe et al. 2016).  
However, to implement effective acoustic monitoring programs, there must be 
knowledge of species-specific vocal cues and behaviours. Additionally, as sound 
propagation changes as a result of varying environmental conditions, there is also a 
need to understand detection capabilities. The best programs should have the 
capability to estimate densities, species distributions, and population trends, whilst 
remaining cost effective (Milner-Gulland & Rowcliffe 2007). Although a range of 
monitoring protocols for birds and mammals have been developed to provide those 
estimates using visual methods, protocols for PAM data are still in their early stages 
of development (Van Parijs et al. 2007; Browning et al. 2017). Monitoring protocols 
for visual methods are often standardised, and may include the number of surveys to 
be undertaken, their duration and intervals between surveys, survey routes and 
locations, times and season of surveys, number of point counts or transects in the 
study area, the distance between points and transects, among other factors (Conway 
2011; Tozer et al. 2016). In comparison, many acoustics-based programs designed 
for monitoring population trends, distribution or the presence and absence of 
particular species are still under development. This is due to PAM’s relatively recent 
application to measuring more complex population parameters. In addition, few have 
focused on imperfect detection of acoustic cues or estimate the proportion of vocally 
active individuals to assess the probability of detecting animals of a given species 
under varying biological and/or environmental conditions (Kellner & Swihart 2014). 
Detectability is an important factor in the design of monitoring programs and surveys, 
because it evaluates biases on ecological estimates (e.g. abundance, species 
richness), and the comparative likelihood of detecting common as well as rare, cryptic 
or threatened species (McCarthy et al. 2013).  
Studies on the topic of acoustic detection of whales have mostly focused on the 
development and performance of automated detectors for faster and more accurate 
extraction of counts of known cues (e.g. vocalisations of whales; for a review on 
detection algorithms see Bittle and Duncan 2013) from acoustic recordings. Studies 
focusing on detection bias and the probability of detecting a whale based on its 
vocalisations are by far less common. This is most likely due to the fact that estimating 
the probability of detecting whale vocalisations is complex. The probability of 
detecting vocalisations produced by individual whales depends upon a range of 
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parameters including: the characteristics of its acoustical repertoire, rates at which 
individuals vocalise, the physical and environmental characteristics of the study site 
(e.g. sound propagation characteristics), and the background noise at the area of 
study, among other attributes. Of these, vocalisation rates and their variability under 
different conditions are considered one of the key research priorities (Marques et al. 
2013). A better understanding of vocalisation rate patterns will help to reduce and 
adjust for sampling bias and imperfect detection by designing the survey methodology 
according to vocal rate parameters. Knowledge of the vocal rate can inform how, 
when and how long an acoustics survey should be conducted, which vocal cues are 
best to use, and which will be the main cohort(s) of animals detected during a 
particular survey (Marques et al. 2013). This thesis focuses on examining vocal 
repertoires, vocal rates under different environmental and anthropogenic conditions, 
and how these conditions might be used to estimate detection probability. In addition, 
this thesis compares commonly-used acoustic energy metrics as proxies for relative 
abundance to simultaneously-collected visual relative abundance metrics. 
 
This is accomplished through examination of the acoustic behaviour of two baleen 
whale species: pygmy blue whale (Balaenoptera musculus brevicauda) and 
humpback whale (Megaptera novaeangliae), which migrate through waters off the 
southwest coast of Western Australia. Specifically, this thesis describes their 
acoustical repertoire, investigates what influences the vocalisation rates of these 
sounds, and determines how this information can be used in the estimation of 
detection probabilities and design of monitoring protocols.  
 
To set the scene for this thesis, a general background on communication, calling 
behaviour and vocal repertoire of baleen whales is given below; followed by a brief 
review of the current status of research on vocalisation rates, vocal energy metrics as 
proxies for whale densities, and detection probability estimation. Finally, there is a 
review of current monitoring protocols with emphasis on acoustical monitoring 
programs. The main body of the introduction is concluded by the identification of key 
knowledge gaps and the overall objectives of the thesis.  
 
1.1. Communication in marine mammals 
 
Communication is a process that allows the exchange of information between 
individuals or groups of individuals. On land, animals communicate using visual, 
acoustic, chemical or tactile signals (Dudzinski et al. 2009).  Of these, visual strategies 
5 
are often much less effective for aquatic species because they spend most of their 
lives in low-visibility underwater environments. Thus, many aquatic species, such as 
marine mammals, have specialised to use acoustics as the principal mode of 
communication because underwater sounds can be transmitted over long distances 
(Dudzinski et al. 2009).   
In marine mammals, acoustical communication can be divided into vocal and non-
vocal (Tyack & Miller 2002). ‘Non-vocal’ communication makes reference to the 
sounds produced by moving or striking parts of the body against one another, when 
animals jump, slap the water with flukes or flippers, or when emitting bubbles (Tyack 
& Miller 2002; Dudzinski et al. 2009). For large baleen whales, some of these sounds 
can propagate over several kilometres and are likely to be used as agonistic 
behaviours (i.e. breaching or tail slapping in competitive humpback whale groups) and 
for acoustical contact (e.g. simultaneous tail or pectoral slapping in groups of right 
whales). Other sounds propagate over shorter distances and may be a result of 
expressions of excitement or associated with capturing prey (i.e. different types of 
leaps undertaken by dusky dolphins (Lagenorhynchus obscurus), or other activities 
(Dudzinski et al. 2009).  In some cases, low-frequency non-vocal communication may 
be used instead of vocal communication when ambient noise levels are high, as these 
can dominate the mid-frequency spectrum of frequencies (Hildebrand 2009; Dunlop 
et al. 2010).  
In contrast, ‘vocal’ communication makes reference to phonation or sound production 
by vibration of vocal folds in the larynx (Herbst 2016). Vocalisations are used in 
reproduction, group cohesion, locating prey, navigation, and echolocation among 
other contexts (Marques et al. 2013). The sounds produced by different marine 
mammal groups (mysticetes, odontocetes, sirenia and pinnipeds) vary greatly in 
structure and frequency, but little in their function. Each species produces a wide 
range of vocalisations, and in some cases, their uniqueness among individuals can 
be useful for identifying individuals (e.g. signature whistles in bottlenose dolphins or 
manatee vocalisations; Sousa-Lima et al. 2002; Tyack & Miller 2002).   
In general, marine mammal sounds can be broadly described by the following 
features: whether they are frequency-modulated (FM), amplitude-modulated (AM), or 
both FM and AM. Sounds that are not FM may be constant wave (CW) tones with 
harmonic overtones, or broadband pulses that lack tonal characteristics (Erbe et al. 
2017). Regardless of the particular characteristics of sounds produced, each marine 
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mammal group vocalises in a particular frequency range and each species (or 
sometimes population) has a unique repertoire. For example, pinnipeds produce 
pulses and FM sounds (Stirling & Thomas 2003; Erbe et al. 2017) and sirenians emit 
broadband click-like sounds and tonal vocalisations in frequencies between 1 and 25 
kHz depending on the species (Anderson & Barclay 1995; Sousa-Lima et al. 2002; 
Nowacek et al. 2003; Parsons et al. 2013). Odontocetes (dolphins and toothed 
whales) can emit whistles, burst-pulse sounds and clicks (Erbe et al. 2017) with 
frequency ranges from 0.8 kHz up to at least 200 kHz (Au 1993; Boisseau 2005; Erbe 
et al. 2017). Finally, mysticetes (baleen whales) produce a range of FM and AM 
vocalisations in low to medium frequency ranges. Blue whale Balaenoptera musculus 
and fin whale Balaenoptera physalus, produce sounds below 200 Hz (McCauley et 
al. 2001; Širović et al. 2004; McDonald et al. 2006; Oleson, Calambokidis, Burgess et 
al. 2007; Boisseau et al. 2008; Gavrilov et al. 2011; Recalde-Salas et al. 2014, see 
Chapter 2), whilst right whales vocalise in a higher range between 100 and 400 Hz 
(Clark 1982; Gillespie 2004; Parks et al. 2011; Dombroski et al. 2016). Humpback 
whales are the most broadband among the baleen whales with vocalisations between 
40 Hz and 24 kHz (Silber 1986; Au et al. 2006).     
 
Similar to humans, marine mammal species have a repertoire of sounds that are 
produced in a particular sequence. The characteristics of these repertoires can be 
specific to particular populations and so, in some cases, allow population-level 
differentiation. For example, blue whale song is divided into regional types, with each 
region displaying specific sound types that are stable over long periods of time 
(McDonald et al. 2006). A similar characterisation is observed in humpback whales, 
where the seasonal song is specific for each population and sung by males during the 
breeding season (Winn et al. 1981; Garland et al. 2011; Darling et al. 2014); although 
there are some similarities in the sounds used to compose the song among different 
populations (Garland et al. 2011; Darling et al. 2014). In other marine mammal groups, 
there are specific sounds that allow recognition of specific population cohorts. For 
example, in some pinnipeds, mothers and pups have unique sounds that allow 
recognition between pairs (Charrier & Harcourt 2006; Sauvé et al. 2015). Finally, the 
use of signature whistles in dolphins permits the identification of individuals during 
communication within conspecific groups (Sayigh et al. 2007; Dudzinski et al. 2009; 
Lima & Le Pendu 2014).   
 
1.2. Vocal repertoire of baleen whales 
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Baleen whales are widely known for the intense and often complex vocalisations they 
produce (Edds-Walton et al. 1997; Gavrilov et al. 2011; Stafford et al. 2011). In 
general, baleen whale vocalisations can be divided into “song” and “non-song” 
sounds. “Song” is defined as a regularly patterned sequence of notes or units 
(McDonald et al. 2006; Cholewiak et al. 2013) that is different for each species and 
population, and thought to be produced only by males (Frankel et al. 1995; McDonald 
et al. 2006; Garland 2011). Singing behaviour has been reported for several baleen 
whale species, including bowhead Balaena mysticetus, Omura’s Balaenoptera 
omurai, minke Balaenoptera acutorostrata, humpback, blue, fin whales (Edds-Walton 
et al. 1997; Gedamke et al. 2001; McDonald et al. 2006; Garland et al. 2011; Mellinger 
et al. 2014, Cerchio et al. 2015; Stafford et al. 2018). The repertoire of sei 
(Balaenoptera borealis) and Bryde’s (Balaenoptera brydei) whales is less known 
(Edds-Walton 1997) and therefore, it is uncertain if they produce song.   
 
Sounds that do not follow a pattern and are vocalised as single units are described 
as ‘non-song’ vocalisations (Dunlop et al. 2007; Oleson, Calambokidis, Burgess et al. 
2007). These vocalisations have been associated with feeding, foraging, social 
interactions or to maintain group cohesion; and are produced by adults and calves of 
both sexes (Dunlop et al. 2007; Zoidis 2008; Oleson, Calambokidis, Burgess et al. 
2007). In this study, all non-patterned sounds were classified as ‘non-song’ sounds 
because it was not possible to define their specific use and context.  
 
Here, current knowledge of song and non-song vocalisations for the focal species of 
this study, humpback and blue whales, is briefly described. Humpback whales are 
one of the most vocal of baleen whale species and have one of the most complex 
vocal repertoires. They vocalise in a broad frequency range, with most units having a 
fundamental frequency below 3 kHz. Vocalisations have been reported to have 
source levels between 123 and 192 dB re 1μPa @ 1m (Thompson et al. 1986; Au et 
al. 2006; Dunlop et al. 2013; Fournet et al. 2018). Humpback whale song is composed 
of a variety of structured sound patterns called phrases, several of which make up 
themes of a song, that are then repeated in a cyclical manner for more than an hour 
(Payne and McVay 1971; Mercado 2003; Cholewiak et al. 2013). Humpback whale 
song structure is specific to each population in the world and evolves annually (Payne 
and Guinee, 1983; Payne et al. 1983; Cerchio et al. 2001; Garland et al. 2011; 
Cholewiak et al. 2013; Darling et al. 2019). During a particular season, males within 
the same population mostly produce the current version of the song (Payne and 
McVay 1971; Garland et al. 2011). Song is reported to mainly be produced on 
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breeding grounds and less frequently on feeding grounds (Clark & Clapham 2004; Vu 
et al. 2012).  
 
Humpback whale non-song vocalisations (often called social sounds and feeding calls 
in the literature) are characterized as being unpredictable, non-patterned, and 
produced in a frequency range from 50 Hz to over 10 kHz (Silber 1986). Feeding calls 
have been reported to occur within a frequency range of 20 Hz to 2 kHz (Thompson 
et al. 1986), with peak frequencies generally less than 1 kHz and a duration of less 
than 1 s (Stimpert et al. 2011). In general, non-song sounds appear to be produced 
by all cohorts and sexes (Silber 1986; Edds-Walton 1997; Dunlop et al. 2007). These 
sounds are associated with social interactions and agonistic behaviour, as well as 
with feeding or foraging behaviours (Thompson et al. 1986; Richardson et al. 1995; 
Edds-Walton 1997; Stimpert et al. 2011).  
 
While much research has been conducted on quantifying and understanding song 
and non-song vocalisations produced by humpback whales in particular populations, 
relatively little is known about blue whale vocalisations. Blue whale song has been 
described for different populations (McDonald et al. 2006; Gavrilov et al. 2011; 
Stafford et al. 2011), but there is limited information about the full acoustic repertoire 
of this species, and even less on non-song vocalisations (Oleson, Calambokidis, 
Burgess et al. 2007; Recalde-Salas et al. 2014, see Chapter 2). Blue whale 
vocalisation  are among the most powerful (188 dB re 1μPa @ 1m) and the lowest of 
frequencies (16-200 Hz) produced by marine mammals (McDonald et al. 2001; 
Oleson, Wiggins & Hildebrand 2007; Gavrilov et al. 2011; Erbe et al. 2017). In terms 
of non-song calls, the most common have been reported to be downsweeps (“D” 
vocalisations) and FM and AM vocalisations described as "growls" (Mellinger & Clark 
2003; Oleson Calambokidis, Burgess et al. 2007; Gavrilov et al. 2011; Recalde-Salas 
et al. 2014, see Chapter 2). Non-song calls reported so far have been associated with 
certain behaviours such as feeding or foraging (Oleson, Calambokidis, Barlow, et al. 
2007).  
 
1.3. Conditions influencing vocalisation rates in baleen whales  
 
Vocalisation rates of whales vary widely among species, biological conditions (sex, 
age, social context, period within the reproductive cycle, etc.), environmental 
conditions (including the soundscape and human activities, etc.), geographical 
location, and the function of vocalisations produced (Frankel et al. 1995; Au et al. 
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2000; Croll et al. 2001). Many PAM studies have used some measure of ‘vocalisation 
rate’ to investigate seasonal occurrence, diel patterns, responses to noise pollution or 
anthropogenic activities, and behavioural patterns of whales, or as part of general 
monitoring programs.  
To inform these studies, ‘vocalisation rate’ has been measured in different ways, thus 
the exact definition itself also varies (Table 1.1). For instance, vocalisation rate can 
be used to refer to the number of vocalisations per unit time, regardless of the number 
of individuals producing them (VR-1 in Table 1.1; e.g. vocalisations per minute). 
Vocalisation rate can also be measured as the number of vocalisations per individual 
per unit time (VR-2 in Table 1.1; e.g. vocalisations per individual per minute). It has 
also been measured as the number of individuals vocalising per unit time (VR-3 in 
Table 1.1; e.g. number of individuals vocalising per minute). Finally, vocalisation rate 
has been defined and measured as the rate of occurrence of vocalisations (VR-4 in 
Table 1.1). Rates of occurrence have been reported either as the average duration 
with at least one vocalising individual in the recording (Clark & Clapham 2004; 
Monnahan et al. 2014) or as a ratio of time calls are present in a recording with respect 
to the total time sampled (Melcón et al. 2012). Vocalisations per unit time (VR-1) and 
rates of vocal occurrence (VR-4) do not account for the number of individuals 
producing the sounds. In summary, multiple definitions of ‘vocalisation rate’ exist, with 
the definition used usually based on study-specific objectives and data collection 
methods.  
Table 1.1. Different definitions of the term 'vocalisation rate' 
ID Definition Example 
VR-1 Number of vocalisations per unit time 15 vocalisations hour-1 
VR-2 Number of vocalisations per individual per unit time 15 vocalisations individual-1 hour-1 
VR-3 Number of individuals vocalising per unit time 15 individuals hour-1 
VR-4 Rate of occurrence of vocalisations 15% of recordings 
To examine how these different definitions of vocalisation rate are used throughout 
the literature, a review of papers describing baleen whale vocalisations, with 
emphasis towards humpback, blue and right whales, was undertaken and presented 
here. To be eligible for consideration, papers needed to meet the following criteria. 
They needed to (1) be published in a peer-reviewed journal, (2) aim to measure 
vocalisation rates quantitatively, and (3) clearly state their definition of ‘vocalisation 
rate’. Because the sample size for papers fulfilling these criteria was small, papers 
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that at least fulfilled criteria 1 and 3 above were included. As a result of these search 
criteria, 52 papers were selected. Of these, the most common definition of vocalisation 
rates used was VR-1: vocalisations per unit time (Figure 1.1). This metric does not 
account for the number of individuals that may be producing the sounds, or variability 
in vocal rates among individuals. The rate is defined as the number of calls detected 
per hour, day, week, or month (e.g. Helweg & Herman 1994; Croll et al. 2001; 
Matthews et al. 2001; Stafford et al. 2009; Clark et al. 2010; Di Iorio & Clark 2010; 
Hofmeyr-Juritz & Best 2011; Marques et al. 2011; Morano et al. 2012; Mussoline et 
al. 2012; Vu et al. 2012; Gavrilov & McCauley 2013; Helble 2013; Matthews et al. 
2014; Bort et al. 2015; Erbe et al. 2015). This metric is common in studies that use 
remote underwater recorders, thus do not have access to information on the 
individuals vocalising.   
 
 
Figure 1.1. Percentage of peer-reviewed papers using different units of measurement for 
vocalisation rate. 
____________________________________________________________________ 
 
Approximately a fifth of the studies reviewed used definition VR-2, and measured 
vocalisation rates of individuals (or in some cases vocalisations per group) by 
counting the number of calls, sounds or phrases vocalised by individuals per unit time 
(Helweg & Herman 1994; Cato et al. 2001; Charif et al. 2001; Clark & Clapham 2004; 
Boisseau et al. 2008; Dunlop et al. 2008; Hofmeyr-Juritz & Best 2011; Parks et al. 
2011). Often this information is used to document the number of vocalising individuals 
present, but can also be used in ‘presence-only’ distributional type models where non-
vocalising animals are not measured (Charif et al. 2001; Clark & Clapham 2004; 
Hofmeyr-Juritz & Best 2011). In other studies, this information was used to inform VR-
3. In one study,  the information was used to estimate the proportion of animals 
vocalising versus the total number of animals present in an area (Cato et al. 2001). 
VR-3 is particularly useful for surveys aimed at capturing information on vocalising 
and non-vocalising animals (Salden 1988; Oleson, Calambokidis, Barlow et al. 2007). 
Less than a fifth of studies reviewed used definition VR-4: rates of occurrence of 
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vocalisations as a metric of vocal rate (Norris et al. 1999; Kumar 2003; Clark & 
Clapham 2004; Melcón et al. 2012; Monnahan et al. 2014).  
While metrics used in studies measuring vocalisation rates vary, those studies that 
have used them to investigate the influence of biological and environmental conditions 
on whale vocalisations have identified certain comparable patterns. For instance, 
vocalisation rates may vary according to group composition. For example, humpback 
whale males are more vocally active and produce song over long periods (Tyack 
1981; Frankel et al. 1995), while mothers and their calves generally produce sound 
less frequently than other group types (Dunlop et al. 2008; Zoidis et al. 2008). 
Conditions such as wind, primary productivity, presence of vessels and the presence 
of operating seismic surveys have also been reported to be associated with either an 
increase or a reduction in vocalisation rates for certain species (i.e. Parks et al. 2007; 
Doyle et al. 2008; Stafford et al. 2009; Dunlop et al. 2010; Melcón et al. 2012; Cerchio 
et al. 2014). For example, humpback whales may replace vocal activity for surface 
behaviour (e.g. tail slap, breach) under increased wind conditions (Dunlop et al. 2010), 
while right whales may reduce their calling rate under high noise conditions (Parks et 
al. 2007). The presence of vessels and other human activity has been reported to 
increase the calling rate of blue whales (Croll et al. 2001; Di Iorio & Clark 2010) and 
reduce the number of humpback whales singing (Cerchio et al. 2014).  
While these studies achieved their aims by measuring vocalisation rates for 
vocalisations detected, many questions regarding the acoustic ecology and social 
behaviour of whales also require information on non-vocalising individuals 
(Stanistreet et al. 2013). For instance, knowledge of the proportion of whales 
vocalising allows an estimation of abundance that includes vocalising and non-
vocalising cohorts. 
1.4. Sound energy as an index of relative abundance 
As vocalising fauna produce sound in species-specific frequency bands, a commonly 
used technique for determining an acoustic index of relative abundance is to measure 
the acoustic energy (in the form of sound levels) in corresponding frequency bands 
(Au et al. 2000; Gedamke et al. 2007; Rowell et al. 2012; Mellinger et al. 2014). This 
approach has been used in a range of studies as an indicator of densities for fish 
(Rowell et al. 2012); humpback, fin and blue whales (Au et al. 2000; Širović et al. 
2004; Gedamke et al. 2007; Mellinger et al. 2014; Seger et al. 2016); and to define 
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peaks in whale migrations at particular locations (McCauley et al. 2001; Erbe et al. 
2015). The approach is based on the idea that increasing numbers of individuals 
present in an area will be associated with an increase in acoustic energy in the 
bandwidths they communicate in (Seger et al. 2016). The effectiveness of this 
approach depends upon the accuracy of this relationship. Thus, the methods are 
generally used for highly vocal species whose vocalisations are frequent, prolonged, 
of unvarying sound levels, and that dominate the acoustic environment (Mellinger et 
al. 2014). More complex models can be developed to account for variability in vocal 
behaviour in populations; however, they require knowledge on the demographics of 
the population and their vocal behaviours (Rowell et al. 2012). 
 
In most studies, the relationship between sound energy and relative abundance 
(and/or density) of vocalising animals is assumed to be monotonic or close to linear 
(Au et al. 2000; Gedamke et al. 2007). However, the relationship between the number 
of whales counted visually and acoustic energy measured does vary, with one study 
reporting a best fit explained by a quadratic equation (Ponce et al. 2012). In other 
studies, ambient noise levels (which include whale vocalisations in addition to other 
biological and environmental noise) have often been used as indices of relative 
population size (Seger et al. 2016). Only a few studies have quantitatively assessed 
whether acoustic energy levels are linearly related to the number of vocalising 
individuals. Comparisons of acoustic energy and numbers of vocalising individuals of 
humpback whales in Hawaii resulted in a positive linear relationship (Helweg & 
Herman 1994), while other studies have reported a linear relationship only under 
specific environmental conditions (e.g. high tide) and behavioural states (e.g. 
spawning) (Rowell et al. 2017). Thus, a greater understanding of the relationship 
between acoustic energy (and its metrics) and relative abundance of different species 
of whales in varying environmental conditions is required to accurately interpret 
results from studies using acoustic energy as indices.   
 
1.5. Estimating detection probabilities of baleen whale vocalisations 
  
Key parameters required from a standard whale monitoring program include 
distribution, abundance and overall trends. An accurate estimate of these parameters, 
in turn, requires accurate estimates of whale detectability. For PAM surveys, detection 
is limited to those individuals that are vocalising and excludes silent animals. 
Moreover, even when vocalising, not all may be detected by the personnel conducting 
the survey due to conditions such as high background noise levels (low signal-to-
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noise ratios), or observer fatigue. This “imperfect detection” of all individuals present 
in a study area introduces biases in abundance and density (Amundson et al. 2014). 
Therefore, accurate abundance estimates that include all cohorts of the population 
require estimates of detection probabilities that account for imperfect detection.  
There are a range of sampling methods that allow for adjustments of counts of 
individuals where there is imperfect detection. These methods include: distance 
sampling (Buckland et al. 2001), time removal (Farnsworth et al. 2002), repeated 
counts (Royle et al. 2004), double observer (Riddle et al. 2010) or double sampling 
(Thompson 2002) for use in mark-recapture approaches (Laake et al. 2011) of 
reconciled observations, double observer for unreconciled observations (Riddle et al. 
2010), or a combination of these such as time removal and distance sampling 
(Sólymos et al. 2013; Amundson et al 2014). Survey designs within a study region 
commonly involve surveying multiple line-transects or conducting multiple point-
counts. In acoustic surveys, point-counts are the most common. In acoustic point 
count surveys, a standard approach is for a person to count the number of individual 
animals based on the number of calls detected over a sample period (for example, 
over 5 minutes). This approach is commonly used for avian surveys in which 
vocalising birds can be easily distinguished by a person present at each point-count 
study site. In many of these studies, the proportion of individuals is assumed to be 
constant over all point-count study sites within a study region and over the period 
required to survey them all (Thompson 2002). However, it is likely that this assumption 
is violated since the probability of detection varies among habitats within a study 
region, over time within a survey, and among species if the study includes multiple 
species (Alldredge et al. 2007). In an example of humpback whales, Seger et al. 
(2016) assumed that the number visually observed during the day was directly 
proportional to the number of whales singing during the night. Thus, vocalisation rates 
and movement patterns of whales were assumed to remain constant throughout 
diurnal periods. However, diel patterns have been identified in which more singing 
occurs during the night than during the day (Au et al. 2000).  
Regardless of which sampling design is applied to estimate the abundance of animals, 
the probability of acoustic detection of individuals is required to account for non-
vocalising individuals and individuals vocalising but not detected. Thus, the probability 
of detection is a result of the product of two probabilities: the probability that the 
individual is available to be detected and the probability of being detected given it is 
available. In acoustic surveys, an individual that is available to be detected is one that 
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is producing sound. An individual’s detectability (given it is producing sound) is 
dependent on the observer listening or sound recording (Farnsworth et al. 2005; 
Amundson et al. 2014). Estimates of availability bias are often difficult to obtain 
accurately, and adjustments for heterogeneity in availability over time, space, and 
among individuals are only recently being made (Farnsworth et al. 2005).  
 
Several sampling approaches have been developed with the aim of reducing 
availability bias. For instance, rather than an instantaneous count of vocal detections 
in an area, some surveys use cumulative counts over a given period of time to 
estimate individuals. When the cumulative count curve reaches a plateau (Figure 1.2), 
the probability of misdetections is assumed to be null or close to null (McCallum 
2005a, McCallum 2005b).  This method assumes that all individuals will vocalise at 
some point in time during the survey period. Thus, the cumulative count (C) is equal 
to the number of individuals present (N) at that time (Bart & Earnst 2002).  This 
approach is commonly used for bird surveys where an observer can identify and 
distinguish among vocalising individuals. 
 
 
Figure 1.2.  Hypothetical accumulation curve (based on McCallum 2005b). 
___________________________________________________________________________ 
 
In addition to requiring that an individual vocalises at least once during the survey 
period, several other conditions are required for accurate counts of individuals 
present. These conditions include: 1) the distance of the vocaliser and environmental 
factors (such as background noise levels) must be such that detection of the 
vocalisation is possible, 2) the recorder (or the person listening) must have the 
sensitivity to detect the vocalisation, and 3) the person reviewing the recordings (or 
listening in situ) must have the attentiveness to detect the vocalisations (or if auto-
detection algorithms are used they must have a high detection rate). To assess 
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whether the first of these conditions is met, vocalisation rates and their variability 
under ecological, behavioural and environmental conditions occurring in the area 
must be known. If vocalisation rates are high, detection biases that cause false 
negative (missed) detections (such as partial masking from intermittent noise) may be 
reduced because the sound is available for a longer period of time or present at a 
higher rate (McCallum 2005b). In contrast, if vocalisation rates are low, and 
background intermittent noise is frequent, detection bias may be high. In this example, 
the survey protocol may need to be adjusted to include longer sampling periods.  
 
While the method above increases the probability of detecting individuals that are 
available, accurate counts are still conditional on the individuals being available for 
detection at some point during the survey period. An approach that accounts for 
animals that do not vocalise during the survey period (and are not available to be 
detected) is to estimate the probability that an individual will be vocalising (denoted 
as Ps in McCallum (2005b)). By multiplying the probability that they will be vocalising 
(i.e. available) by the probability that the animal will be detected when vocalising (Pd/s), 
the overall detection probability can be estimated (Equation 1.1; Farnsworth et al. 
2002). 
 
𝑝 = 𝑃𝑠𝑃𝑑 𝑠⁄
                       (Eq. 1.1) 
 
To estimate the probability that individuals are vocalising (i.e. available), double 
sampling methods such as simultaneous visual and acoustical surveys have been 
suggested and implemented successfully (Wang et al. 2005; Akamatsu et al. 2008; 
Kimura et al. 2009; Riddle et al. 2010; Richman et al. 2014). While many studies have 
estimated detection probabilities in birds (e.g. Bart & Earnst 2002; Farnsworth et al. 
2002; Thompson 2002; McCallum 2005a, McCallum 2005b; Alldredge et al. 2006; 
Riddle et al. 2010; Sólymos et al. 2013; Amundson et al. 2014), there are limited 
studies that estimate the probability of acoustic detection by combining visual and 
acoustic methods in cetaceans (Akamatsu et al. 2008; Ponce et al. 2012; Richman et 
al. 2014). These studies have generally combined either a towed array of 
hydrophones behind a vessel with visual observations from the same vessel 
(Akamatsu et al. 2008; Richman et al. 2014), or a stationary array with land and 
vessel-based visual observations (Ponce et al. 2012; Seger et al. 2016). While the 
most cost-effective PAM approach is to use a single stationary acoustic recorder, to 
the author’s knowledge, no studies have yet estimated imperfect acoustic detection 
of cetaceans using double observer methods with a single stationary recorder.     
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1.6. Optimal monitoring using passive acoustics 
 
Environmental monitoring plays an important role in conservation and management 
because it allows for ecological parameters (e.g. abundance, distribution, population 
growth, etc.) of key species to be tracked over time for the assessment of ecological 
trends (Pollock et al. 2002; Milner-Gulland & Rowcliffe 2007). By assessing trends, 
monitoring can evaluate the success of management guidelines and enforce 
regulations aimed at reducing pressures on target species (e.g. anti-poaching 
patrols), identifying breaches in regulations (e.g. un-authorized activities in protected 
areas), and tracking changes in association with increasing pressures (e.g. climate 
change, industrial activities, etc.). Monitoring programs help decision making 
processes by providing information required to make adjustments to management 
strategies so that they are effective (Pollock et al. 2002).  
 
The most successful programs designed for monitoring ecological trends are practical 
to implement, cost-effective, long-lasting, scientifically-robust, and have the power 
and longevity to detect trends that inform the required decisions. While designing a 
monitoring program with all of these characteristics is not trivial, it is considered to be 
one of the most important aspects of monitoring for conservation (Milner-Gulland & 
Rowcliffe 2007). In recent decades, monitoring using acoustic sensors has grown 
because it addresses some of the challenges presented in other approaches. For 
example, acoustic monitoring can collect reliable data at a lower cost than many other 
approaches, can be undertaken in areas and times in which visual surveys may not 
be practical or feasible, in some instances can capture indices of biodiversity and 
composition more rapidly than visual techniques, and can be used for evaluating 
impacts of human activities over long time periods (Blumstein et al. 2011).  
 
While acoustic monitoring programs have many benefits, their designs are often 
optimised for broad objectives on ocean noise. Because PAM is based on species 
vocalising, the information obtained can be biased towards more vocal species, 
cohorts or habitats with higher vocal rates. These differences in vocal rates should be 
considered when developing optimal monitoring protocols for PAM aiming to estimate 
population parameters of focal species. In general, monitoring programs that consider 
spatial and temporal variations, and influence of species behaviour on detectability 
are more informative for population parameter estimation (Pollock et al. 2002; Martin 
et al. 2007). In particular, monitoring programs that consider the variability in 
incomplete detection and heterogeneity in detectability in time and space have greater 
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accuracy (Pollock et al. 2002). Thus, monitoring programs that build the estimation of 
detection probabilities within their designs have been suggested (Pollock et al. 2002) 
and are increasingly applied (e.g. marsh birds, Tozer et al. 2016). Optimal monitoring 
protocols for marine fauna using PAM are in early stages of development and are still 
limited by current knowledge available to inform them (Browning et al. 2017).  
1.7. Knowledge gaps 
The increase in human activities worldwide has resulted in a growing need for 
monitoring programs to measure their effects on protected species and their 
environments. In addition to having the power to detect effects such as changes in 
abundance and distribution, monitoring programs also need to be cost-effective 
because of economic constraints that governments, industries or environmental 
departments face.  
PAM can offer cost benefits needed in monitoring programs of marine species 
including baleen whales. However, for this technique to be most effective in 
monitoring changes in population parameters, some knowledge gaps need to be 
filled. The following are some of the current key knowledge gaps:  
 Acoustic repertoire knowledge: Baleen whales usually vocalise at particular
frequencies and produce sounds specific to their species and often populations.
This attribute allows species to be identified by the sounds they produce. To
attribute sounds to a baleen whale species, the acoustical repertoire of each
needs to be known. Thus, verification of sounds produced by the species is
required. A number of methods are available to achieve this. Tags that directly
attach to the body of a whale and record sound, such as ‘D-tags’, are a reliable
way to confidently attribute sounds to the whale producing them. However, these
methods are expensive, result in low sample sizes, and affect the overall cost of
PAM. Visual observations of individual whales can be combined with acoustic
recordings more remotely. This approach requires some knowledge of the vocal
behaviour, movement patterns, and distribution of whales to be able to match
vocalisations recorded or heard with individuals observed. For some species that
have well-studied repertoires, additional new sounds recorded by remote
underwater recorders can be attributed to the species when the new sounds are
produced with known sounds. However, it is important to note that the acoustic
repertoire of most baleen whale species, with some exceptions (i.e. humpback
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whales), remains unknown. As a consequence the sources of many sounds 
remain unidentified. Further studies that describe the acoustic repertoire of 
baleen whales using such techniques would improve our knowledge base for 
using PAM to monitor whales into the future. 
 
 Using vocalisations as indices of relative abundance: Most long-term 
acoustic monitoring studies use single underwater recorders deployed within a 
target study site. These studies are cost-effective, but do not allow localising 
individuals in space. This limitation is partially mitigated by using knowledge of 
their stereotypical songs and comparing signal-to-noise ratios to distinguish 
individuals from each other and count them. However, when a large number of 
whales are vocalising simultaneously, this approach is not possible. Multiple 
recorders (three or more) or the use of directional sonobuoys can provide 
acoustic tracking capabilities to identify the direction and/or location of individuals 
vocalising. In these cases, individuals can be distinguished and counted. 
However, the use of multiple recorders and sonobuoys increases the cost of a 
program, often beyond what is affordable. Consequently, studies using a single 
recorder have either used counts of vocalising whales nearby (within a 
designated high signal-to-noise ratio limit) or have used acoustic energy as an 
index of relative abundance. However, the accuracy of using sound energy 
metrics as proxies for relative abundance has not been adequately explored. For 
instance, accuracy may be affected by changes in relative distance of vocalising 
animals from the recorder, with closer animals increasing energy levels more than 
animals far away. Thus, it is important to understand how energy level metrics 
correlate with actual numbers of vocalising whales and conditions that may affect 
this relationship.  
 
 Biological, environmental and anthropogenic conditions influencing the 
variability in vocalisation rates: Vocalisation rates can be influenced by 
different environmental, biological, ecological and anthropogenic conditions and 
combinations of these. While some of the conditions that influence variability in 
vocalisation rates have been investigated on a species-by-species basis, few 
studies have explored the influence of combinations of these on multiple species 
at a site. A broader understanding of the conditions influencing baleen whale 
detectability and vocal behaviour is important for identifying potential sources of 
bias. This knowledge can then be used to adjust detection probability estimates 
to improve the accuracy of abundance estimates. 
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 Acoustic detection probability: Finally, abundance estimates (and other
population parameters) using PAM that include an estimation of detection
probability have a higher accuracy than those that use raw counts. Estimation of
the availability component of the overall detection probability is one of the main
challenges associated with PAM, because it depends upon knowledge of the
vocalisation rates and behaviour of whales at the target study site during the
period monitored. For most baleen whale species, information on vocal behaviour
and vocalisation rates is scarce or non-existent (Oleson, Calambokidis, Burgess
et al. 2007; Marques et al. 2013). Some studies have measured individual
vocalisation rates using D-tags, and this information has been used in density
estimation by dividing the number of individuals visually observed by cue rates.
However, behavioural studies have suggested differences in vocal rates among
individuals and cohorts of a population that vary in different environmental
conditions. Thus, by estimating detection probabilities using parameters known
to influence the variability in vocalisation rates as covariates (observer bias,
environmental conditions, distance, technical specifications), and making
adjustments based on the probability that the animal is available for detection (an
animal is vocalising), both availability and detectability can be further adjusted for
and incorporated into abundance estimates or population parameters.
Availability bias can be approximated using two different survey platforms that 
count different cues for detection, such as visual and acoustic cues. This 
approach has been used in a few studies aimed at adjusting for imperfect 
detection of dolphins (e.g. Akamatsu et al. 2008; Ichikawa et al. 2009; Akamatsu 
et al. 2014; Richman et al. 2014) and gray and minke whales (Rankin et al. 2007; 
Van Parijs et al. 2009; Ponce et al 2012). It is important to note that double 
observations from visual and acoustic platforms approximate estimates of 
detection probability bias, since animals that are not detected by either platform 
are not counted. Studies that consider a large number of sources of detectability 
bias are still under development. 
 Optimal monitoring protocols: The use of PAM has increased over recent
decades because of the development of acoustic sensors that are affordable,
non-invasive and can be used for long periods of time. Therefore, PAM has
become an important tool used in cost-effective monitoring of species on land
and in aquatic environments, and for monitoring anthropogenic impacts on their
populations. However, the use of this tool for long-term monitoring of focal
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species requires knowledge of their biology, behaviour and habitats to optimise 
the selection of acoustic sensors, survey design and data analysis. Ultimately, 
the estimation of population parameters of target species can be improved 
through the development of guidelines for developing optimal monitoring 
protocols.  
 
1.8. Aims and rationale 
 
To optimise PAM for baleen whale population monitoring (abundance, density, etc.), 
its biases and limitations need to be measured to adjust and improve population 
parameter estimates. To achieve this, a greater understanding of baleen whale 
acoustical ecology is required. This thesis has been prepared with the aim of 
improving our current knowledge of the acoustical ecology of baleen whales by filling 
some of the knowledge gaps described above.  
 
In this study, PAM of pygmy blue whales and humpback whales that migrate along 
the coast of Western Australia using a single, stationary underwater recorder was 
undertaken as a ‘case study’. Humpback and pygmy blue whales migrate along the 
Western Australian coast annually during their northern and southern migrations from 
high-latitude feeding grounds to low-latitude breeding grounds and back. Both species 
are protected under the Australian Environment Protection and Biodiversity 
Conservation (EPBC) Act (1999, Australian Government 2018) and are listed on the 
IUCN Red List of threatened species. Humpback whales are globally listed as least 
concern (Reilly et al. 2008) and in Australia as vulnerable (Australian EPBC Act 1999), 
while blue whales are listed as endangered (Australian EPBC Act 1999; Cooke 2018; 
Department of the Environment 2018a). The coastal movements of both species 
make them economically important for whale watching activities in the state. However, 
due to increasing pressure from industrial activities including recreation and tourism, 
migrating pygmy blue and humpback whales are increasingly being exposed to 
certain anthropogenic threats throughout their migratory corridor.  
 
Geographe Bay, located in southwestern Australia, was used as the principal study 
site; however, acoustic data were also available from the waters off Port Hedland in 
north-western Australia and used to complement the humpback whale repertoire of 
this study. Geographe Bay was selected as the primary study site because pygmy 
blue and humpback whales migrate very close to the coast at this location. Thus, 
observations of both species using simultaneous acoustic and land-based visual 
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techniques were possible. In addition, Geographe Bay is a popular tourist destination 
and experiences significant recreational boat activity during weekends and holidays 
(Salgado Kent et al. 2014). Consequently, Geographe Bay offers varied 
anthropogenic noise conditions for which to assess PAM. Geographe Bay, itself, is 
recognised for its biological significance. The bay falls within the Commonwealth 
Marine Reserves Network (Department of the Environment and Energy 2018b), and 
is a recognised migratory corridor for multiple species of baleen whales (Salgado-
Kent et al. 2014).  
 
Monitoring population trends of these whales is required for effective management of 
this sector of the Commonwealth Marine Reserves Network. Thus, while this thesis 
has the primary general aim of improving the design of baleen whale PAM programs, 
it also directly informs pygmy blue and humpback whale monitoring and management 
programs in an important migratory corridor off Western Australia.    
 
To achieve the aims of this thesis, the work was broken down into a number of steps. 
Firstly, a description of the acoustic repertoire of each species was required so that 
sounds produced by whales could be accurately identified and allocated to species. 
Song for these two species in Western Australia has been described previously 
(Gavrilov et al. 2011; Murray et al. 2012; CMST and the author’s data unpublished). 
However, non-song sounds from Western Australia have not. Thus, the first step was 
to describe non-song sounds. The second step was to use the species’ known vocal 
repertoires to compare the acoustic energy in frequency bands of their vocalisations 
with counts of detected whale groups. This comparison allowed for an assessment of 
how accurately the acoustic-energy indices reflected the relative abundance of 
groups. The third step was to identify relevant information for consideration in 
detection probability estimation. This step involved evaluating the biological, 
environmental, and anthropogenic influences on the variability in the vocalisations 
rates. The fourth step was to estimate detection probabilities under different 
environmental and anthropogenic conditions using acoustic and visual data for each 
species. The fifth and final step was to identify the strengths and limitations of the 
different approaches to acoustic monitoring of baleen whales using a single stationary 
underwater recorder and to discuss considerations that must be made when 
designing optimal monitoring protocols for baleen whale species.  
 
To achieve the objectives described above, this thesis has been organised according 
to their logical order. The work is presented as a hybrid thesis containing published 
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papers and manuscripts prepared for publication that address the objectives. 
Therefore, each chapter includes its own introduction, methods, results and 
discussion.  While repetition of information was minimised where possible, because 
the thesis is in the format of stand-alone papers and manuscripts, there is unavoidable 
recurrence of some information. The thesis chapters and their goals are briefly 
described below:  
 
Chapter 1 Introduction: Introduces the topic, knowledge gaps and rationale behind 
the research presented. 
 
Chapter 2: Non-song vocalisations of pygmy blue and humpback whale populations 
that migrate off the coast of Western Australia: Describes the non-song acoustical 
repertoire of humpback and pygmy blue whales for the populations that migrate 
through Geographe Bay, Western Australia. This chapter consists of two papers; one 
published in The Journal of the Acoustical Society of America Express Letters and 
the second published in Frontiers in Marine Science. The latter opportunistically used 
acoustic data on humpback whales collected off Port Hedland as well as from 
Geographe Bay, Western Australia. The Port Hedland data resulted from work 
required as part of an industry program, thus was integrated into this thesis to fulfil its 
objectives. Humpback whales that migrate past Port Hedland are from the same 
population that migrate through Geographe Bay. Verification that non-song sounds 
described from Port Hedland were the same as those in Geographe Bay was 
undertaken before proceeding to chapters that only used data from Geographe Bay. 
 
Chapter 3: Variability in vocalisation rates of baleen whales in Geographe Bay, 
Western Australia: investigating the influence of biological, environmental, 
behavioural and anthropogenic parameters: Evaluates biological, environmental, and 
anthropogenic influences on humpback and pygmy blue whale vocalisation rates in 
Geographe Bay, Western Australia. The chapter has been prepared as a manuscript 
to be submitted to a peer reviewed journal.  
 
Chapter 4: Can sound energy be used as an indicator of relative density of baleen 
whales in an embayment?: Evaluates the relationship between acoustic energy levels 
in frequency bands of whale vocalisations and the number of (i) acoustically detected 
and (ii) visually observed groups for each species in Geographe Bay, Western 
Australia. The chapter has been prepared as a manuscript to be submitted to a to a 
peer reviewed journal.  
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Chapter 5: Modelling detection probabilities of baleen whales: the influence of 
imperfect detection and biological variability in monitoring protocols for baleen whales: 
Estimates detection probabilities under different environmental and anthropogenic 
conditions using acoustic and visual observation techniques for each species in 
Geographe Bay, Western Australia. The chapter has been prepared as a manuscript 
to be submitted to a peer reviewed journal.  
Chapter 6: General discussion: Discusses the findings in the chapters, makes 
recommendations for optimal monitoring protocols for PAM for pygmy blue and 
humpback whales in Western Australia. The chapter concludes with implications of 
the thesis findings for baleen whale monitoring worldwide. This chapter is the ‘General 
Discussion’ of the thesis.  
1.9. Glossary 
Term Definition in this thesis 
Availability bias 
A systematic tendency of missing certain animals present in a 
given area during a survey because they are unavailable to be 
detected. This term was originally defined by Marsh and 
Sinclair (1989) in reference to animals that were visually 
concealed from detection by vegetation or because they were 
submerged under turbid water. The definition has been 
adapted here to the acoustical context and refers to animals 
that are present in the area of study but not available for 
acoustic detection because they are not producing sounds. 
Cue 
A signal perceived by an observer indicating the presence of 
an animal or a species in an area. For example, for baleen 
whales a whale’s blow (exhalation), pectoral fin slap, or breach 
at the surface of the water are cues used for detection by 
observers surveying an area from a vessel or land visually. For 
acoustic surveys of baleen whales, cues are sounds produced 
by whales.  
Detectability bias 
A systematic tendency to miss counting certain animals 
present in an area and available for detection during a survey 
due to a failure to detect them. Detectability bias in acoustic 
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surveys can result from the signal being masked by other 
sounds, lower intensity sounds being missed or low 
vocalisation rates leading to missed detections.   
Parameter 
estimation bias 
A systematic tendency for parameter estimates to be different 
from the population parameter being estimated due to any one 
or combination of sources of bias, including sampling bias, 
detectability bias, availability bias, etc.  
Detection probability 
bias 
A systematic tendency to miss counting certain animals present 
in a survey area due to combined availability and detectability 
biases.  
Sampling bias 
A systematic tendency for certain individuals of a population to 
be sampled either more or less frequently than at random 
sample.  
Vocalisation rate 
The number of sounds produced by an individual or group of 
individuals of a species per unit time. In this thesis, the 
definition is used as the number of whale groups vocalising in 
a recording.  
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Chapter 2. 
Non-song vocalisations of pygmy blue and humpback whale 
populations that migrate off the coast of Western Australia 
*This chapter is composed by two papers describing non song vocalisations of pygmy
blue (2.1) and humpback whales (2.2) in Geographe Bay and Port Hedland Western 
Australia.  
2.1. Non-song vocalisations of pygmy blue whales in 
Geographe Bay, Western Australia 
Non-song vocalisations of migrating pygmy blue whales (Balaenoptera musculus 
brevicauda) in Western Australia are described. Simultaneous land-based visual 
observations and underwater acoustic recordings detected 27 groups in Geographe 
Bay, WA over 2011 to 2012. Six different vocalisations were recorded that were not 
repeated in a pattern or in association with song, and thus were identified as non-
song vocalisations. Five of these were not previously described for this population. 
Their acoustic characteristics and context are presented. Given that 56% of groups 
vocalized, 86% of which produced non-song vocalisations and 14% song units, the 
inclusion of non-song vocalisations in passive-acoustic monitoring is proposed. 
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2.1.1. Introduction  
 
The identification, description, and quantification of a species’ acoustical repertoire 
are prerequisites to understanding their acoustic behaviour, function, and geographic 
variation. This information is also important to begin to assess the effects of 
anthropogenic underwater noise on the species’ ability to communicate, and for 
effectively implementing passive acoustic detection techniques.  
 
Baleen whales are known for the intense and often complex vocalisations they 
produce. Many of these vocalisations appear to be associated with specific contexts 
such as feeding, socializing, and breeding (Watkins et al. 1981; Clark 1990; Mellinger 
& Clark. 2003; McDonald et al. 2006; Gavrilov et al. 2011; Oleson, Calambokidis, 
Burgess et al. 2007; Oleson, Wiggins & Hildebrand 2007; Stafford et al. 2011). The 
best-studied of these vocalisations is the “song,” defined as a regular, patterned 
sequence of notes unique to each population of a species (Winn et al. 1981, Clapham 
and Mattila 1990; Mellinger and Clark 2003; McDonald et al. 2006, Stafford et al. 
2018). There is evidence that song in great whales is predominantly produced by 
males (Clark 1990). Single, non-patterned vocalisations not associated with song 
have also been documented and described as non-song vocalisations (Clark 1990; 
Dunlop et al. 2007).  Non-song vocalisations have been associated with feeding, 
foraging or social interactions by both sexes (Clark 1990; Dunlop et al. 2007).  
 
While much research has been conducted to quantify and understand song and non-
song vocalisations produced by humpback whales (Megaptera novaeangliae), 
relatively little is known about blue whale (Balaenoptera musculus) vocalisations. Blue 
whale song has been described (Mellinger & Clark 2003; McDonald et al. 2006; 
Gavrilov et al. 2011; Stafford et al. 2011), however, there is limited information about 
the full acoustic repertoire of this species, and even less on non-song vocalisations. 
For blue whales from the North Pacific and Atlantic, downsweeps (“D” vocalisations) 
and frequency and amplitude modulated (FM and AM, respectively) vocalisations 
described as “growls” have been attributed to non-song vocalisations (Mellinger & 
Clark 2003; Oleson, Calambokidis, Burgess et al. 2007) and associated to certain 
behaviours such as feeding (Oleson, Calambokidis Burgess et al. 2007). The pygmy 
blue whale (Balaenoptera musculus brevicauda) population, present in Western 
Australian waters (the East Indian Ocean population) is one of nine blue whale 
populations globally (McDonald et al. 2006). For this population the only non-song 
sound described is a downsweep, similar to the “D-call” reported for the North Pacific 
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and Atlantic populations (Gavrilov et al. 2011). This study aims to characterize “non-
song” vocalisations for the East Indian Ocean population of pygmy blue whales, 
during two seasons (2011 and 2012), as they migrated through a coastal embayment 
in southwestern Australia. The proportion of groups producing sound as they passed 
through this area is described, and the dominant acoustic behaviour of groups of 
whales (song or non-song vocalisations) is also determined. 
2.1.2. Methods 
Simultaneous land-based visual observations and underwater acoustic recordings 
were conducted during November of 2011 and 2012 in Geographe Bay, Western 
Australia. In Geographe Bay, East Indian Ocean pygmy blue whales migrate as close 
as 500 m from shore over an approximate six week window in November and 
December each year towards high-latitude foraging areas. Land-based visual 
observations were conducted using a surveyor’s theodolite to position surfacing 
whales for an average for 6–7 h per day from a 50 m hill, approximately 500 m from 
the water’s edge. The maximum visual detection range for blue whales was 5 km. The 
theodolite was a TopCon GTS-60#.F Electronic Total Station, and real-time 
positioning was obtained via a direct link to a laptop running the software Cyclops 
(v.2.8.04). Surfacing location, group composition, and behaviours were documented 
during visual observations. 
Acoustic recordings were made using a Curtin University acoustic recorder (Curtin 
University acoustic recorder, 2014), deployed on the seabed, approximately 3 km 
offshore from the land-based station at 30 m depth (Fig. 1) and scheduled to record 
800 s of every 900 s at a sample rate of 12,000 samples/s. 
Concurrent real-time visual tracking and acoustic recordings with a single recorder 
were made. Sound transmission and expected received levels of blue whales 
producing sound within 2 km of the acoustic recorder were previously modelled for 
the area (Salgado Kent, Gavrilov et al. 2012). These received levels were used to 
match groups visually tracked within a 3 km radius of the acoustic recorder with the 
recorded vocalisations. Thus, four criteria had to be fulfilled to accept a match 
between the group of whales being visually tracked and the vocalisations recorded: 
(1) Groups being matched had to be visually confirmed to be within 3 km of the
acoustic recorder, and no other whales (humpback or blue) could be within 3 km of 
the recorder at the time. (2) Only a single group of blue whales could be in the study 
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area so that no confusion could occur in discerning which group produced sounds 
when multiple groups were present (in all but one case was there one group in the 
study area at a time). (3) The time the sounds were recorded had to coincide with the 
time a group was being visually tracked through the study area. (4) The sounds 
recorded had to have received levels corresponding to the distances of the groups 
from the position of the acoustic recorder at the time the sounds were recorded. The 
distances of the groups from the acoustic recorder were measured using the 
theodolite track. The expected received levels at range from the noise recorder were 
based on transmission loss estimates calculated previously (Salgado Kent, Gavrilov 
et al. 2012). 
   
Figure 2.1.1. Location of acoustic recorder (black circle) and land-based theodolite platform 
(white circle), in Geographe Bay, Western Australia. The inset shows the location of the study 
area (highlighted in black) within Australia. 
____________________________________________________________________ 
 
While there is a possibility that there were visually undetected groups of whales in the 
study area, the likelihood is assumed to be small given that the average time for a 
group of whales to traverse the area (within visual detection range of 5 km) was 
approximately an hour, giving multiple opportunities for sighting when surfacing. 
 
Acoustic data were analysed using Curtin University’s, custom-designed 
Characterization of Recorded Underwater Sound (CHORUS) toolbox providing a 
MATLAB graphical user interface. Once features of interest had been identified, 
spectrograms were produced for inspection using a 1024-point Hanning window with 
95% overlap over a frequency range of 5 Hz to 4 kHz. Pygmy blue whale vocalisations 
were identified by visual scrutiny of spectrograms, based on their similarity in 
frequency and duration to previous reports (Mellinger & Clark 2003; McDonald et al. 
2006; Oleson, Calambokidis, Burgess et al. 2007; Oleson, Wiggins & Hildebrand 
2007; Gavrilov et al. 2011; Stafford et al. 2011).  
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While humpback whales were present during the study period, pygmy blue whale 
vocalisations were easily distinguished by their patterns, frequencies, and 
descriptions for the 2011 and 2012 seasons (Salgado Kent, Gavrilov et al. 2012). As 
stated above, comparison of signal received level with that expected for a whale at a 
given range corroborated matching a sighted whale to a recorded sound.  
2.1.3. Results 
A total of 27 groups of blue whales passed within acoustic detection range during the 
107 h of visual tracking in this study. Blue whales were present in the study area for 
11 h and 6.5 h within 3 km of the noise recorder. During this period, six types of 
vocalisations that were not repeated in a pattern or a particular sequence, nor 
produced in association with song, were attributed to blue whale groups. These 
vocalisations were identified as non-song vocalisations. Five of these comprised new 
non-song vocalisations for the East Indian Ocean (EIO) population of blue whales 
(Fig. 2.1.2), plus a previously reported downsweep. All call types comprised acoustic 
energy under 200 Hz, with the exception of an EIO2 which extended to 750 Hz [Fig. 
21.2. (b)]. In each call type the peak of the spectral content was below 100 Hz, the 
exception was EIO3 producing the lowest peak frequency at approximately 20 Hz 
[Fig. 2.1.2. (c)]. EIO1 [Fig. 2.1.2. (a)], EIO4 [Fig. 2.1.2. (d)], and EIO5 [Fig. 2.1.2. (e)], 
call types all contained at least two spectral peaks of which the highest were at 
approximately 50 and 100 Hz (Table 2.1.1). All vocalisations included one or more 
harmonics or overtones, varying in frequency throughout the individual call. Durations 
ranged between approximately 0.9 and 4.4 s, and EIO2 was the longest call type 
[EIO2, Table 2.1.1; Fig. 2.1.2(b)]. Three vocalisations were observed with different 
groups [EIO1, EIO4, and EIO5, Table 2.1.2; Figs. 2.1.2. (a), 2.1.2. (d), and 2.1.2 (e)], 
while the remaining two were produced by only one group each [EIO2 and EIO3, 
Table 2.1.2. and Figs. 2.1.2 (b) and 2.1.2. (c)].
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Figure 2.1.2. Spectrogram (top panels) of (a) EIO1, downsweep with non-harmonic overtones; (b) EIO2, broadband, pulsed AM growl with harmonics; (c) EIO3, 
grunt with harmonics; (d) EIO4, short FM tone with harmonics (highlighted in the square); and (e) EIO5, upsweep with harmonics (highlighted in the square). 
Medium and bottom panels present the waveforms and power spectrum density plot (PSD) for each signal, respectively (Colour image in online publication). 
____________________________________________________________________ 
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Of the 27 gro555ups visually tracked, 56% (15) emitted sound and of these 14% (2) 
produced song or song units while 86% (13) produced non-song vocalisations. On 
average, 10.25 non-song vocalisations per group were detected (max=38, min=1). Of 
the non-song vocalisations, 10 groups produced the previously described 
downsweep, and five produced the new non-song vocalisations described here. The 
total number of new non-song vocalisations detected was 15. Given that group transit 
times across the study area are ~1 h, approximately three new non-song vocalisations 
an hour were detected, per group the average estimated was 2.6 (min=1, max=6). A 
summary of the group composition associated with the vocalisations is presented in 
Table 2.1.2. All groups were observed traveling in the same general direction. 
Table 2.1.1. Characteristics of new non-song vocalisations recorded in Geographe Bay, 
Western Australia. Frequency characteristics were extracted from the power spectrum density 
plot.  
Call Feature Measure  # of analysed 
vocalisations* 
# of 
times 
recorded 
Approximate 
frequency 
range of all 
energy (Hz) 
Peak 
frequency 
 (Hz) 
Frequency band 
10 dB of peak 
 (Hz) 
Duration 
(s) 
EIO1 20-200 Peak 1:~52 
Peak 2:~102 
30-105 1.62 ± 
0.29 
6 6 
EIO2 10-750 86 13-105 4.42 1 1 
EIO3 10-120 ~21 11-31 3.42 1 1 
EIO4 
20-150
Peak 1: ~43 
Peak 2: ~99 
Peak 1: 33-51 
Peak 2: 82-107 
2.96 ± 
0.83 
2 4 
EIO5 20-120 Peak 1: ~51 
Peak 2: ~102 
40-120 0.92 1 3 
*Vocalisations analysed were selected based on high signal-to-noise ratio and low levels of background
noise (i.e. no humpback whales or vessels in the area).
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Table 2.1.2. Association between compositions of groups tracked in Geographe Bay and 
vocalization type (including song units and downsweeps similar to the ‘D’ call. Downsweep = 
downsweep similar to the ‘D’ call, and (x) = the identification (ID) letter for groups producing the 
sound types (three groups produced multiple sound types). 
Group Type Vocalisation Type 
Singleton Downsweep (Bw1112), Song units(Bw0311) 
Two adults 
EIO1(Bw0112), EIO2(Bw0112), EIO3(Bw0112), 
EIO4(Bw0112,Bw0212), EIO5(Bw0112), Downsweep(Bw0411, 
Bw0112, Bw0212, Bw0512, Bw0612,Bw1212 ), song units(Bw0211) 
Mother-calf EIO4(Bw0812), Downsweep(Bw0912) 
Mother-calf-additional adult Downsweep(Bw1512) 
More than 2 adults EIO5(Bw1312), Downsweep(Bw0412,Bw1312, Bw0712) 
 
2.1.4. Discussion 
 
Five vocalisations not previously described for the East Indian Ocean pygmy blue 
whale population have been attributed to blue whales in Geographe Bay. Their 
characteristics were different from those of song for this species (Gavrilov et al. 2011), 
and because of their non-patterned and variable nature, these are described here as 
non-song vocalisations. A sixth non-song sound was also detected and identified as 
a previously reported downsweep (Gavrilov et al. 2001). While the new non-song 
vocalisations are unique in their modulation and duration, some have minor 
similarities with vocalisations reported from other populations.  
 
First, EIO2, is similar to an AM sound in the North Pacific reported for blue whales 
(Oleson, Calambokidis, Burgess et al. 2007) in that it is pulsed and has comparable 
frequency range and bandwidth; however, it is approximately half the duration. 
Consistent with the AM sound recorded here (EIO2), the growl in the North Pacific 
was not identified as part of song. Second, EIO4 [see Fig. 2(d)] recorded here has a 
weak resemblance to unit three of the East Indian Ocean blue whale song (McDonald 
et al. 2006). However, the new signal described here is significantly shorter in duration 
and does not have the exact frequency range as song unit three. Also, no song or 
song units were evident in the recordings here, prior to, or after, these vocalisations 
were produced. Third, EIO5, is very similar to the one reported as the second unit of 
the blue whale song of the Sri Lankan population (Stafford et al. 2011). However, both 
are very different in duration (almost 2 s for the non-song unit reported in this study 
vs 1 s for the Sri Lanka song unit) and frequency (fundamental ranging from ~30–40 
Hz vs 30–80 Hz, respectively). Fourth, the vocalization EIO1 reported here comprises 
simultaneous tones at different frequencies that are not harmonics [see EIO1, Table 
2.1.1 and Fig. 2.1.2 (a)]. This is of particular interest and is a characteristic also 
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identified in the last unit of song from the East Indian Ocean population of pygmy blue 
whales (Gavrilov et al. 2011). The structure of the non-song sound here may be the 
result of multiple sources of sound production in the whale’s vocal apparatus as has 
been suggested for production of the last unit of their song (Gavrilov et al. 2011). The 
prevalence or lack of this type of sound production across baleen whale species also 
remains un-quantified. Last, the most prevalent non-song sound, the variable 
downsweep with harmonics recorded here and described previously for this 
population (Gavrilov et al. 2011), has a striking similarity to “call type D” from North 
Pacific and Atlantic blue whale (Balaenoptera musculus) populations (Mellinger & 
Clark 2003; Oleson, Calambokidis, Burgess et al. 2007; Oleson, Wiggins & 
Hildebrand 2007; Gavrilov et al. 2011). However, unlike the findings from the North 
Pacific, where vocalisations were produced by groups exhibiting feeding dive 
behaviour in a foraging area (Oleson, Calambokidis, Burgess et al. 2007), in 
Geographe Bay the surface behaviour was that of traveling in one general direction, 
indicative of migratory behaviour. Geographe Bay is not considered a feeding ground, 
but it is worth noting that there is a known foraging area 150 km to the north in the 
Perth Canyon and perhaps in the region of the Mentelle Basin westward. It is unclear 
whether the downsweep recorded in this study has a different function, or whether it 
is associated with the presence of foraging grounds nearby.  
During this study, there was one instance of multiple groups in the area. This period 
was the occasion when the broadband, pulsed EIO2 was recorded, and there was a 
significant increase in repetition of downsweeps (7.0/800s ± 4.24 vs 4.18/800s ± 
62.64). Increased signal complexity, repetition and variability has been speculated to 
correlate with activity type in southern right whales (Eubalaena australis) (Clark 1982) 
and bowhead whales (Balaena mysticetus) (Würsig et al. 1985), and agonistic 
interactions among fin whales (Balaenoptera physalus) (Edds 1988). Further research 
is required to disentangle the social and behavioural context of increased repetition 
and complexity of non-song vocalisations. In this study, EIO4 and EIO2 were 
produced mostly by groups containing two animals and no calves (although the EIO4 
was also observed in mother-calf pairs). This paper presents evidence of the 
production of non-song vocalisations by pairs of adults as well as mother-calf groups, 
thus provides support for the possibility of fulfilling a similar role to social vocalisations 
described for other species of mysticetes, such as humpback whales (Dunlop et al. 
2007). 
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The high proportion of groups traveling through Geographe Bay producing sound 
(>50%), and the majority of which produced non-song vocalisations (almost 90%) as 
compared to song or song units (just over 10%) suggests that non-song 
communication serves an important function at this location. Given that non-song 
vocalisations dominated in the numbers of groups producing them in Geographe Bay, 
we suggest that at locations with the same level of non-song sound proliferation, the 
inclusion of non-song vocalisations in passive acoustic detection censuses will 
significantly increase counts (rather than basing methods solely on song). 
Furthermore if social context for the different vocalisations is verified, an even more 
powerful tool for population studies will be available.  
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2.2. Non-song vocalisations of humpback whales migrating 
off the coast of Western Australia 
 
This study presents non-song vocalizations of humpback whales (Megaptera 
novaeangliae) from two migratory areas off the Western Australian coast: Geographe 
Bay and Port Hedland. A total of 220 sounds were identified as non-song sounds in 
193 hours of recordings reviewed. Of those, 68 were measured and qualitatively 
classified into 17 groups using their spectral features. One group (HW-02) had a high 
level of variation in terms of spectral slope. However, further classification using 
statistical classification methods was not possible because of the small sample size. 
Non-song sound frequencies varied from 9 Hz to 6 kHz, with the majority of sounds 
under 200 Hz. The duration of non-song sounds varied between 0.09 and 3.59 s. 
Overall, the use of spectral features allowed general classification of humpback whale 
sounds in a low sample size scenario that was not conducive to using quantitative 
methods. However, for highly variable groups, quantitative statistical classification 
methods (e.g., random forests) are needed to improve classification accuracy. The 
identification and accurate classification of a species’ acoustic repertoire is key to 
effectively monitor population status using acoustic techniques and to better 
understand the vocal behaviour of the species. The results of this study improve the 
monitoring of humpback whales by standardizing the classification of sounds and 
including them in the species’ repertoire. The inclusion of non-song sounds in passive 
acoustic monitoring of humpback whales will add females and calves to the detection 
counts of otherwise only singing males.   
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2.2.1. Introduction 
 
Passive Acoustic Monitoring (PAM) is used worldwide as a technique to estimate 
relative abundance and distribution of marine faunal species. It is applied in basic 
ecology as well as for monitoring fauna before, during and after anthropogenic 
activities with potential impacts. PAM relies on the accurate identification of species, 
based on the acoustic characteristics of the sounds they produce. Therefore, the 
characterisation of acoustical signals and repertoires for different species is a 
significant component of their monitoring.   
 
The humpback whale is considered to be one of the most vocal of the cetaceans and, 
is the species whose behaviour and vocalisations have been most studied. Humpback 
whale call repertoire is diverse in frequency range and duration, with most units 
exhibiting a fundamental frequency below 3 kHz. However, the general frequency 
range can vary between 50 Hz and 24 kHz (Silber 1986; Au et al. 2006). Song is the 
best-studied form of communication for humpback whales and is defined as a 
sequence of sounds that is repeated over time (Payne 1978). It is typically unique for 
each population, evolving from year to year, but can also be transmitted between 
populations (Garland et al. 2011). Song is documented to be produced only by males, 
occurring primarily on breeding grounds (Payne 1978; Frankel et al. 1995, Darling et 
al. 2006) and less frequently in feeding grounds (Clark & Clapham 2004).  
 
In addition to song, humpback whales emit other less-studied sounds described as 
social sounds. Social sounds are unpredictable and produced erratically, are not 
patterned, and range from 50 Hz to over 10 kHz (Dunlop et al. 2007, Zoidis et al. 
2008) with source levels between 123 to 183 dB re 1 μPa @ 1 m (Dunlop et al. 2013). 
These sounds can be song or non-song units vocalised in a social context (Dunlop et 
al. 2008, Rekdahl et al. 2013). Social sounds have been recorded in association with 
agonistic behaviour or other individual interactions between adults (males and 
females; Silber et al. 1986; Richardson et al. 1995; Edds-Walton 1997; Dunlop et al. 
2008), and within groups with calves (e.g. mother-calf or mother-calf-escort(s), 
Dunlop et al. 2008; Zoidis et al. 2008). In this study, social sounds are referred to as 
non-song sounds because the behaviours associated with the sounds were not 
identified and it was not possible to determine whether these sounds served a social 
function.  
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According to spectrographic features, baleen whale sounds can be classified as 
constant-wave (CW), frequency-modulated (FM) and amplitude-modulated (AM) 
(Erbe et al. 2017). However, in the literature, these are frequently named and grouped 
according to how they are perceived by the listener (and are given onomatopoeic 
names, such as grunt, growl, moan, wop, etc.). While most of the published studies 
that describe humpback whale vocalisations use onomatopoeic names, this type of 
classification may be problematic because different authors may give different names 
to the same signals, making a direct comparison difficult (Cholewiak et al. 2013; Erbe 
et al. 2017). Spectral features, however, are more standard and facilitate comparison 
among different signals, although some variation in categorisation can occur as a 
result of recording and analysis settings (Erbe et al. 2017).  
Few studies have described non-song sounds of the different humpback whale 
populations around the world. A repertoire of 34 social sounds and their social context 
have been described for the population that migrates along the east coast of Australia 
(Dunlop et al. 2007, Dunlop et al. 2008; Rekdahl et al. 2013), and another 24 have 
been described for the North Pacific population (Silber et al. 1986; Cerchio & 
Dahlheim 2001; Zoidis et al. 2008). Only a few non-song sounds have been described 
for the Western Australian humpback whale population (Videsen et al. 2017) and a 
repertoire is yet to be developed.  
The population of humpback whales off Western Australian (Breeding Group D) 
migrates from high-latitude feeding grounds in Antarctica to low-latitude breeding 
grounds off northwestern Australia. During migration, whales travel past Port Hedland 
(in the northwest) between approximately June and August on their way north, and 
between approximately August and November on their way south. During the 
southern migration they travel through Geographe Bay (in the southwest of Australia) 
between September and January, before undertaking the remainder of their journey 
to sub-Antarctic and Antarctic waters. The period of migration at each location (Port 
Hedland and Geographe Bay) occurs over several months as different cohorts of the 
population migrate in a temporally staggered manner. This structured migration has 
been termed ‘temporal segregation’ (Dawbin 1997), where the first whales departing 
foraging grounds on their way north to breeding grounds include a mix of females in 
late stages of lactation or with their yearly offspring. This cohort is followed by 
juveniles (males and females), then by resting females and mature males, and finally 
females in late pregnancy (Dawbin 1997; Craig et al. 2003). The migration back to 
foraging grounds from breeding grounds has been reported to be first a mix of resting 
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females and females in early stages of pregnancy, followed by immature males and 
females, then mature males and finally, females in early stages of lactation and 
mothers with newly born calves (Dawbin 1997, Craig et al. 2003).  
 
The aim of this chapter is to describe non-song sounds for the humpback whale 
population that migrates along the coast of western Australia using: (1) qualitative 
descriptions of spectral features (CW, FM, AM, contour shape, and number of 
subunits), (2) qualitative onomatopoeic names for comparability with other studies, 
and (3) quantitative measures of spectral features. Sounds were recorded in two 
areas: Geographe Bay in the southwest of Australia and off Port Hedland in the 
northwest of Australia.  
 
2.2.2. Methods 
2.2.2.1. Study site 
Underwater acoustic recordings were obtained in two areas off the coast of Western 
Australia: Port Hedland and Geographe Bay (Figure 2.2.1). In Port Hedland, the 
northern and southern migrations of the 2011 migratory season were captured with 
recordings made between June 2011 and January 2012, while in Geographe Bay, the 
southern migrations of 2011 and 2012 were captured between November and 
December. Consequently, all recordings from Port Hedland in 2011 and 2012 and 
recordings in Geographe Bay in 2011 were from the same migratory season, while 
recordings made in Geographe Bay in 2012 were from southbound animals in the 
subsequent migratory season.  
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Figure 2.2.1. Geographic locations of noise recorder deployments in Port Hedland and 
Geographe Bay, Western Australia. 
____________________________________________________________________ 
Geographe Bay is an important tourist destination in southwestern Australia, with 
recreational boating and whale watching being key attractions that bring economic 
value to the region. Therefore, high levels of vessel traffic and interactions with whales 
occur at this site. As a result, a long-term whale monitoring program has been 
underway since 2010, in which visual observations from multiple platforms have been 
collected to complement acoustic data. 
Geographe Bay was selected as the principal study site as more data were available 
from this monitoring program. Humpback whales migrating between September and 
January through Geographe Bay have peak migratory periods that vary among 
seasons (Salgado Kent, Gavrilov et al. 2012). However, monitoring has been focused 
on the period after the peak of migration. This is important as it facilitates identification 
of non-song sounds because they are not masked by humpback whale song vocalised 
by a large number of whales passing through the area.  
The area off the coast of Port Hedland was selected as a secondary study site to 
increase the geographical scale of the study. As indicated above, waters off Port 
Hedland are used by the same population of humpback whales migrating northward 
towards recognised calving grounds in the Kimberley, Dampier Peninsula and 
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Camden Sound, before returning from breeding grounds to Antarctica during the 
southern migration (Jenner et al. 2001). As these animals migrate further offshore at 
this site than in Geographe Bay and, as a result no visual observations were available. 
Port Hedland is the second-largest town in the Pilbara region of Western Australia 
and is also the location of the highest tonnage port in Australia (Western Australia 
Planning Commission, Department of Planning 2011).  
 
2.2.2.2. Acoustic recordings and data processing 
 
In Geographe Bay, a single stationary underwater acoustic recorder was deployed on 
the seabed at 33°32'52.38"S and 115°6'39.18"E, approximately 2.5 km from the 
coastline in 30 m water depth (Fig 2.2.1). The recorder was scheduled to record 13 
minutes every 15 minutes. The recordings used corresponded with a subsample 
selected for comparing visual and acoustic whale detections in Geographe Bay (see 
Chapter 3).  
 
In Port Hedland, two underwater recorders were deployed: one offshore at 
20°8'19.32"S and 118°23'34.92"E, at 20 km from the coastline and one inshore at 
20°15'25.62"S and 118°33'22.74"E, at 5 km off the coast (Figure 2.2.1). Recorders 
were deployed at 16 m and 6 m depths respectively, and scheduled to record 5 
minutes every 15 minutes. The offshore location was expected to capture sounds 
produced by a range of different cohorts of the whale population, while the inshore 
location was expected to capture a comparatively larger proportion of mothers and 
calves that typically migrate closer to the coast (Smultea 1994; Ersts & Rosenbaum 
2003; Rasmussen et al. 2012; Guidino et al. 2014; Oña et al. 2016; Irvine & Salgado 
Kent 2017). All recordings were used (no subsampling occurred). 
 
Both areas used acoustic recording systems developed by the Centre for Marine 
Science and Technology (CMST) and the Defence Science and Technology 
Organisation (DSTO) (McCauley et al. 2017) fitted with a calibrated, omni-directional 
HTI 90-U hydrophone (HighTech Inc., MS, USA). Recording systems were calibrated 
with a white noise generator at -90 dB re 1 V2/Hz. Recorder settings for Port Hedland 
and Geographe Bay recorders are summarized in Table 2.2.1.  
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Table 2.2.1. Acoustic recorder settings for Port Hedland (PH) and Geographe Bay (GB) 
deployments.  
Area Date of 
recording 
 Total 
gain 
(dB) 
Sample 
frequency 
(kHz) 
Anti-
aliasing 
filter (kHz) 
High-
pass 
filter 
Low-
pass 
filter 
Duty cycle 
PH 
Offshore 
Jun 2011- 
Jan 2012 
40 10 4 8 Hz 4 kHz 5 minutes 
every 15 
minutes 
PH Inshore Jun 2011- 
Jan 2012 
40 10 4 8 Hz 4 kHz 5 minutes 
every 15 
minutes 
GB Nov-Dec 
2011 
40 12 5 8 Hz 5 kHz 13 minutes 
every 15 
minutes 
GB Nov-Dec 
2012 
40 12 5 8 Hz 5 kHz 13 minutes 
every 15 
minutes 
Acoustic data were first processed and reviewed using the Characterisation Of 
Recorded Underwater Sound (CHORUS) toolbox built in the software MATLAB (The 
MathWorks, Inc., v.2012a) which provides a Graphical User Interface (GUI) (Gavrilov 
& Parsons 2014). Data were visually inspected by plotting spectrograms with 2948-
point Fast Fourier Transforms (FFTs), 70% overlap, and using a logarithmic frequency 
scale of 8 to 4000 Hz. Colour scale of the spectrograms was fixed at 60 to 110 dB re 
1 μPa2/Hz.  
Non-song sounds were identified as either: (1) sounds that were not part of humpback 
whale song, or (2) song units that did not follow the sequence characteristic of the 
song (Dunlop et al. 2007). Song described for each season in each area was referred 
to for this assessment.  Of those non-song sounds identified in recordings, only 
sounds without overlapping signals (e.g. other humpback whale vocalisations, vessel, 
etc.) were selected for description. In addition, only sounds with fundamental 
frequency sound pressure level (SPL) higher than 90 dB re 1 μPa and signal-to-noise 
ratio calculated by CHORUS of at least 8 dB were selected. Non-song sounds that 
met these criteria were described qualitatively and quantitatively. Sounds were 
qualitatively described: (1) as CW, FM, AM, or a combination, (2) according to their 
contour shape, and (3) by the number of subunits present in the non-song sound, 
based on spectral features. Subunits were defined as a component of a sound 
distinguished by discontinuities in frequency and were referred to as parts A, B, and 
so on (Pace et al. 2010; Cholewiak et al. 2013); a unit was identified as the shortest 
continuous sound (Payne & McVay, 1971). When a sound was made of only one unit, 
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it was considered to have no subunits and marked as zero (0) (Cholewiak et al. 2013). 
Sounds were attributed onomatopoeic names based on how they were perceived by 
the listener (e.g. wop, cry, thwop, etc.), and according to names used in other studies 
for comparability (Silber 1986; Dunlop et al. 2007; Zoidis et al 2008, Rekdahl et al. 
2013).  
 
Quantitative description of non-song sounds included measures of call duration (in 
seconds), maximum and minimum frequencies (Hz) (Table 2.2.2). Furthermore, a 
mean spectrum was computed over the duration of each call and the peak frequency 
was then picked as the frequency of peak power. Then, 3-dB and 10-dB bandwidths 
were computed as the frequency bands around the peak frequency in which the peak 
power dropped by 3 dB and 10 dB respectively. Because some literature described 
fundamental frequencies of sounds (i.e., the lowest frequency component of the 
sound, specifically for harmonic sounds), the maximum frequency of the fundamental 
was measured as well for these sounds.  
 
Table 2.2.2. Quantitative metrics used to describe non-song sounds of humpback whales in 
Geographe Bay and off Port Hedland, Western Australia.  
Variable Description 
Maximum Frequency  
Maximum Frequency of the 
fundamental (f0) 
Minimum Frequency 
Peak Frequency 
Maximum frequency of the sound  
Maximum frequency of the lowest frequency component of the sound 
Minimum frequency of the sound  
Frequency of peak power 
10-dB Bandwidth  Frequency band in which the peak power dropped by 10 dB 
3-dB Bandwidth  Frequency band in which the peak power dropped by 3 dB 
Duration Sound duration  
 
Quantitative measures were undertaken using a code developed in MATLAB (The 
MathWorks, Inc., v.2015a). All analyses were carried out by two experienced 
analysts.  Under the SPL and SNR criteria used in this study, there were too few 
samples for classification using approaches such as Random Forest Decision Trees 
as done in other studies (Rekdahl et al. 2013). Thus, statistical summaries, 
spectrograms and wave forms are presented for visualisation of the range and 
variability of non-song sounds from the humpback whale population off the coast of 
Western Australia.  
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2.2.3. Results 
A total of 107 (November – December 2011, 2012) and 84 hours (June 2011 – 
January 2012) of recordings were analysed for Geographe Bay and off Port Hedland, 
respectively. A total of 220 sounds were identified as non-song sounds (197 in 
Geographe Bay and 23 off Port Hedland). Of those, 68 were selected for qualitative 
and quantitative description (53 from Geographe Bay and 15 from Port Hedland). 
These discernible sounds occurred within 28% of recordings in Geographe Bay and 
0.3% of recordings off Port Hedland. Off Port Hedland, any clearly discernible non-
song sounds that might have been present were only identified from inshore 
recordings before and after the peak migratory period. The offshore recordings had 
no discernible non-song sounds before and after the peak of the migration. During the 
peak period, any non-song sounds were likely masked due to the high number of song 
sounds present in recordings. In the inshore recordings, sounds were not clearly 
discernible in Port Hedland during the peak of humpback whale migration between 
early August and late October for the same reason. However, there were discernible 
non-song sounds in the inshore recordings early in the migration in mid-July (two non-
song sounds were identified) and late in the migration in mid-November 2011 (15 non-
song sounds were identified).  The non-song sounds recorded in November were 
identified one month after the last singer was recorded. In contrast with results from 
Port Hedland, non-song sounds were more easily discerned in recordings from 
Geographe Bay. This is likely due to less masking of non-song sounds due to fewer 
singers recorded at any one time at this location. However, it is possible that when 
multiple singers were present in Geographe Bay, some non-song sounds may have 
been miss-identified as song units.   
Sounds fell into one of 17 non-song sound types (referred to here as non-song sounds 
HW-01 to HW-17) based on their qualitative spectral features (Figure 2.2.2, Table 
2.2.3). Of the different non-song sound types described, most were FM (n = 7) 
followed by AMFM (n = 5), CW (n = 4) and AM (n = 1) (Figure 2.2.2). These non-song 
sound types included the following onomatopoeic descriptors: grunt, growl, wop, 
thwop, trumpet, bup, cry, moan, muah and boop (Figure 2.2.2). Sounds composed of 
subunits had in some cases combinations of these descriptors. These appear in 
Table 2.2.3 with the names adjacent to each other (such as ‘Growl-Wop’). In cases 
where two onomatopoeic descriptors made up a sound composed of different 
subunits, the descriptors are separated by a dash (such as “Growl-Wop”). The first of 
the descriptors (such as “Growl” in “Growl-Wop”) describes the sound the signal 
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commenced with, while the second descriptor (such as “Wop” in “Growl-Wop”) 
describes what the sound ended with. 
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Figure 2.2.2. Spectrograms of unique non-song sounds recorded off Geographe Bay and Port 
Hedland, northwestern Australia. Names are organised by number (e.g. HW-01), spectral feature 
(e.g. FM) and onomatopoeic name in parenthesis (e.g. Growl)). 
____________________________________________________________________ 
 
Variation was observed in some sound types, particularly in HW-02, HW-05 and HW-
07 (Figure 2.2.3). Although, these sound types showed greater variation in spectral 
features than other sound types, variability was not so great as to result in different 
groupings. Variability for sounds HW-02 was the greatest, as sounds varied in 
upsweep shape that on one occasion appeared as an inverted U (as shown in Figure 
2.2.3.a). Variation in sound type HW-05 was based on variable bandwidth with some 
sounds having much more energy at higher frequencies (see HW-05 variations in 
Figure 2.2.2e and Figure 2.2.3.b).  
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Figure 2.2.3. Example of spectrograms showing variability for non-song sounds: a.HW-02 and b. 
HW-05. 
____________________________________________________________________ 
 
Two sound types were recorded in both areas (HW-02 and HW-05), 12 were exclusive 
to Geographe Bay (HW-01, HW-03, HW-04, HW-06 to HW-14), and three were 
exclusive to Port Hedland (HW-15, HW-16, HW-17). Only one sound type was 
identified as a unit used in a song context (HW-12). Of the 17 non-song sound types, 
23.8% were HW-02 ‘Growl-Wop’, 13.4% were HW-07 ‘Bup’, 11.9% were HW-15 ‘Cry’, 
with all other sound types having fewer than 10% of the total number of sounds 
discerned in recordings.  
 
Table 2.2.3.  Summary of spectral features and onomatopoeic names for non-song sound types 
recorded in Geographe Bay and off Port Hedland.  
Sound 
Category 
Type No. of 
Subuni
ts 
Subunit 
description 
Contour 
shape 
Sample 
size 
Onomatopoeic 
name 
HW-01* CW 0 --  -- 5 Grunt 
HW-02*▲ AMFM 0 -- Up 17 Growl 
HW-03* AM 0 -- Pulse 3 Wop 
HW-04* AMFM 3 A: similar to HW-01 
B: similar to HW-02 
C: similar to HW-03 
-- 
Up 
Up 
4 Thwop 
HW-05*▲ AMFM 2 B: similar to HW-02 
C: similar to HW-03 
Up 
Pulse 
5 Growl-Wop 
HW-06* AMFM 0 -- Down 1 Descending 
Trumpet 
HW-07* FM 0 -- -- 9 Bup 
HW-08* FM 0 -- Down 1 Modulated Cry 
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HW-09* CW 0 -- -- 1 Trumpet 
HW-10* FM 0 -- Sine 1 Long Moan 
HW-11* FM 0 -- U 1 -- 
HW-12* FM 0 -- Down 2 Muah 
HW-13* CW 0 -- -- 2 Boop 
HW-*14* AMFM 2 A: Upsweep 
B: similar to HW-03 
Up 
Pulse 
3 Muah 
HW-15▲ FM 2 A 
B: similar to part B 
HW-16 and HW-17 
Inverted 
U 
Up 
8 Cry 
HW-16▲ FM 2 B: similar to part B 
HW-15 
C: similar to part C 
HW-17 
Up 
Down 
4 Cry 
HW-17▲ FM 3 B: similar to part B 
HW-15 
C: similar to part C 
HW-16 
D 
Up 
Down 
U 
1 Long Cry 
CW = constant wave, FM = frequency modulated, AM = amplitude modulated, ▲Non-song sounds 
identified in Port Hedland, *Non-song sounds identified in Geographe Bay 
Non-song sound frequencies varied between 9 Hz and 6 kHz. The most common 
sound type (HW-02) had a mean peak frequency under of 56 Hz, 3-dB bandwidth of 
41 Hz and 10-dB bandwidth of 111 Hz (Table 2.2.4). Only two sound types (HW-15 
and HW-16) had mean peak frequencies higher than 1 kHz and 10-dB bandwidth over 
100 Hz (Table 2.2.4). All non-song sound types had a mean duration of less than 4 s, 
with 11 having a mean under 1 s, and two with mean duration over 2 s (Table 2.2.4). 
Some variability in spectrogram parameters was expected for each sound category. 
The largest variation was observed for the 3-dB bandwidth in all sounds. HW-15 and 
HW-16 also showed high variability for the parameters peak frequency and 10- dB 
bandwidth (Figure 2.2.4).  
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Table 2.2.4. Mean spectrogram parameters of non-song sounds recorded in Geographe Bay and Port Hedland. Values of Standard Deviation (SD) are in 
brackets. NA: Sounds with no replicate, therefore SD is not calculated.    
Sound type Onomatopoeic name Max freq. 
[Hz] 
Max freq. [Hz] 
(Fundamental) 
Min freq. 
[Hz] 
Peak freq. 
[Hz] 
10-dB 
Bandwidth 
[Hz] 
3-dB 
Bandwidth  
[Hz] 
Duration 
[s] 
HW-01 Grunt 230.5 
(20.5) 
40.9 
(4.2) 
20.9 
(4.3) 
49.2 
(44.9) 
107.5 
(59.0) 
20.6  
(2.6) 
0.3 
(0.1) 
HW-02 Growl 347.9 
(133.5) 
-- 19.3 
(9.7) 
56.4 
(25.0) 
111.5 
(44.2) 
40.7 
(21.4) 
1.1 
(0.3) 
HW-03 Wop 2255.8 
(1693.6) 
-- 54.8 
(24.3) 
180.7 
(83.6) 
178.7 
(70.0) 
36.4 
(23.6) 
0.3 
(0.1) 
HW-04 Thwop 1980.4 
(493.9) 
-- 19.0 
(2.5) 
144.5 
(113.8) 
81.8 
(18.3) 
20.8 
(8.0) 
1.0 
(0.3) 
HW-05 Growl-Wop 491.8 
(267.2) 
-- 27.7 
(11.2) 
64.5 
(25.5) 
115.1 
(35.3) 
29.8 
(11.6) 
0.8 
(0.1) 
HW-06 Descending Trumpet 5941.4 
(NA) 
-- 165.9 
(NA) 
843.8 
(NA) 
90.9 
(NA) 
54.8 
(NA) 
0.5 
(NA) 
HW-07 Bup 4170.6 
(2007.9) 
-- 59.8 
(NA) 
109.4 
(29.3) 
64.3 
(26.8) 
25.4 
(6.9) 
0.3 
(0.1) 
HW-08 Modulated Cry 2000.0 
(NA) 
815.8 
(NA) 
649.3 
(NA) 
761.7 
(NA) 
74.0 
(NA) 
26.9 
(NA) 
1.1 
(NA) 
HW-09 Trumpet 5976.6 
(NA) 
-- 288.9 
(NA) 
785.2 
(NA) 
37.3 
(NA) 
19.5 
(NA) 
0.8 
(NA) 
HW-10 Long Moan 316.0 
(NA) 
177.3 
(NA) 
60.7 
(NA) 
105.5 
(NA) 
35.1 
(NA) 
14.7 
(NA) 
3.6 
(NA) 
HW-11 -- 222.7 
(NA) 
164.1 
(NA) 
93.8 
(NA) 
117.2 
(NA) 
91.1 
(NA) 
23.8 
(NA) 
0.6 
(NA) 
HW-12 Muah 304.7 125.5 51.4 41.0 56.1 29.9 0.6 
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(116.0) (4.6) (12.6) (41.4) (12.7) (8.5) (0.1) 
HW-13 Boop 509.8 
(174.0) 
99.6 
(16.5) 
64.6 
(8.3) 
140.6 
(16.6) 
47.8 
(23.3) 
29.0 
(21.6) 
0.3 
(0.0) 
HW-14 Muah 820.3 
(40.6) 
-- 38.5 
(8.5) 
74.2 
(44.4) 
77.3 
(56.3) 
23.8 
(17.0) 
0.8 
(0.1) 
HW-15 Cry 3540.0 
579.2) 
741.8 
(76.8) 
634.8 
(9.0) 
1052.2 
(349.7) 
86.6 
(46.1) 
35.3 
(30.7) 
1.1 
(0.1) 
HW-16 Cry 4555.7 
(817.1) 
871.6 
(78.7) 
634.8 
(58.6) 
2648.9 
(2235.9) 
1136.5 
(1132.2) 
52.9 
(36.1) 
1.4 
(0.3) 
HW-17 Long cry 4472.7 
(NA) 
781.2 
(NA) 
703.1 
(NA) 
732.4 
(NA) 
224.0 
(NA) 
27.5 
(NA) 
2.8 
(NA) 
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Figure 2.2.4. Mean (± SD) metrics for the spectrogram parameters of each sound type recorded 
in November 2011 and 2012 in Geographe Bay and between June and January 2012 off Port 
Hedland, Western Australia.   
____________________________________________________________________ 
 
2.2.4. Discussion 
 
While humpback whales are recognized for the complexity of their songs, the results 
in this study suggest that non-song sounds are also highly variable in structure. This 
study showed that the non-song repertoire can be composed of a variety of sounds 
including CW, FM and AMFM with frequencies ranging from 9 Hz to up to 6 kHz. This 
is similar to other studies that have reported non-song sound repertoires ranging in 
frequencies from 30 Hz to 2.5 kHz (Dunlop et al. 2007). In this study, it is likely that 
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additional non-song sounds were present in the recordings, but not identified. In total, 
non-song sounds from Port Hedland were detected in 3 days over 6 months of data 
analysed and in Geographe Bay in 5 over 20 days analysed in 2011, and 17 out of 25 
days in 2012.  Thus, the variability in non-song sounds produced off Western Australia 
is likely to be even greater than that described here. This is particularly true for non-
song sounds in recordings off Port Hedland, as song dominated the recordings during 
the peak period of migration and precluded discerning non-song sounds from song. It 
is important to clarify that this information should not be used to describe or compare 
vocal activity and acoustical ecology of the species between areas because of 
differences in habitat use, ecology and behaviour in each site. In addition, the study 
design also differed and does not allow a direct comparison between areas.  
Only one (7.7%) of the non-song sound types reported in this study was identified as 
a song unit in song of the same year (HW-12). In contrast, 23.2% of the non-song 
sounds identified from the population of whales that migrate along the east coast of 
Australia (Breeding Stock E) were considered to be similar to song units from the 
same or previous years (Rekdahl et al. 2013). However, one of the sounds reported 
here (HW-08) has characteristics similar to a “cry”, which is reported as a non-song 
sound used as a song unit by the population off the east coast of Australia (Rekdahl 
et al. 2013). Whether the other non-song sounds identified in this study have been 
used as part of song off Western Australia in previous years, or will be in future years, 
is yet to be established. 
Many non-song sounds not used as song units have been reported as ‘stable’. This 
means that the same non-song sounds are produced over multiple years (Rekdahl et 
al. 2013).  Examples of stable non-song sounds reported include “wops” and “thwops” 
in the humpback whale population off the east coast of Australia (Dunlop et al. 2008, 
Rekdahl et al. 2013), which are similar to HW-02 identified in this study. HW-02 was 
identified in 2011 and 2012 in Geographe Bay, which suggests that it is stable in this 
population. 
Complex sounds (those with multiple subunits) seem to be typical within the 
humpback whale repertoire (Cholewiak et al. 2013). The definition of subunits and 
units has been used in classification of humpback whale song and bird song analysis 
(Isaac & Marler 1963; Payne & McVay, 1971), but less frequently in the classification 
of humpback whale non-song sounds (Winn et al. 1979). Here, the number of subunits 
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in non-song sounds proved to be valuable for describing non-song sounds and 
allowed the separation of certain sound types (e.g. HW-15, HW-16 and HW-17).  
 
Some of the identified sounds here appear similar to social sounds or feeding calls 
reported elsewhere. For instance, HW-15 is similar to a series of “cries” reported as 
feeding calls in Alaska (Cerchio & Dahlheim 2001). In Alaska, the “cry” was observed 
as a train of units, here we also found multiple cries one after the other. However, 
because it was observed only in one recording, it is not possible to establish if these 
sounds are vocalised as independent units or a train of sounds as observed in Alaska.  
The feeding “cry” in Alaska was described as formed by three sections: i) a short 
upsweep or downsweep, ii) the main section of the call represented in a non-
frequency modulating portion, and iii) a short trailing portion, usually a downsweep 
(Cerchio & Dahlheim 2001). A similar composition was observed for the population 
off Western Australia and sounds had similar shapes at the beginning and end of 
contours to “cries” reported in Alaska. However, the cries here were classified based 
on the combination of parts (here described as subunits). Cries were classified into 
three groups: HW-15 formed by the short up or downsweep (subunit A) and the CW 
portion (subunit B), HW-16 composed of subunit B and a short downsweep (subunit 
C) and finally a longer cry (HW-17), formed by subunits B and C connected by an 
additional subunit (subunit D).  Further divisions were made based on variation in the 
duration of “cries” (e.g. HW-17 was two times longer than other cry types). These 
differences indicate a variability in the spectral characteristics of “cries” as previously 
reported. However, the small sample size prohibited confirmation of whether each 
variation was produced consistently enough for them to be defined as separate non-
song sound types; or whether variations simply reflected variability among individual 
whales producing the same sound type, as suggested in previous studies (Cerchio & 
Dahlheim 2001).  
 
One of the few studies on non-song sounds for humpback whales migrating along the 
coast of Western Australia deployed D-tags on mother-calf groups (Videsen et al. 
2017).  The study identified grunting sounds that are similar to HW-03 identified here. 
Sounds in group HW-03 were recorded in Geographe Bay, an area that, according to 
visual observations, has a significant number of mother-calf groups during the time of 
recordings. It is likely that these sounds are also vocalised by mother-calf groups in 
the area. However, additional analyses that match visual and acoustical observations 
are needed to confirm this.   
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Many studies use onomatopoeic names to describe sounds. This method can be 
problematic for comparison because sounds may be assumed as similar or different 
depending on the perception of the analyst (Dunlop et al. 2007; Erbe et al. 2017). 
Here, a comparison of spectrograms showed similarities among multiple sounds in 
different studies, some of which were given a different onomatopoeic name (Table 
2.2.5). The use of spectral features to qualitatively describe sounds is suggested as 
a more accurate approach to overcome this problem. However, it is important to 
consider differences in recording and analytical settings used (e.g. FFT, overlap, etc.) 
to plot the spectrograms as these can also influence comparisons (Erbe et al. 2017). 
For example, in this study, HW-07 was suspected to be similar to a variety of different 
sounds reported in previous studies off Hawaii and the east coast of Australia. 
However, because of the variability within the group, it was not possible to confirm 
whether these sounds were the same as those reported in other studies using visual 
comparisons due to differences in spectrogram settings.   
Table 2.2.5. Summary of similarities in non-song sound types identified for humpback whales 
off Western Australia and those reported elsewhere based on spectral feature comparison. 
Minimum frequency and duration are reported as a range or a mean value depending on the 
available information.  
Non-song 
sound 
type 
Description in 
literature 
Min freq. 
[Hz]  
Duration [s] Humpback 
whale 
population 
Reference 
HW-03 Yup 40-95 0.13-0.29 north Atlantic Winn et al. 1979 
Grunt - - western 
Australia 
Videsen et al. 2017 
HW-04 Thwop 42.2 0.949 eastern 
Australia 
Dunlop et al. 2007 
HW-05 Pulsed Moan 
Wop 
25-50
43 
1.69-5.70 
0.748 
north Atlantic 
eastern 
Australia 
Winn et al. 1979 
Dunlop et al. 2007 
HW-09 Violin 548  0.312 eastern 
Australia 
Dunlop et al. 2007 
HW-10 Moan 
Groan 
90-105
139 
0.63-4.55 
1.262 
north Atlantic 
eastern 
Australia 
Winn et al. 1979 
Dunlop et al. 2007 
HW-14 Upsweep 
Grunt 
369 0.74 north Atlantic Stimpert et al. 2011 
HW-15, 
HW16 
Cry 236 - 1219 2.6 north Pacific Cerchio and 
Dahlheim 2001 
A qualitative analysis of spectral features of non-song sounds may have some 
limitations, particularly when there is high variability in sound types. Even when 
spectral features are used to describe sounds, there are some variations that occur 
as a result of the analyst’s visual perception of spectral features. For example, in this 
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study both analysts agreed with spectral descriptions for almost all sounds, but there 
was a discussion on whether to divide some sounds classified in group HW-02. While 
a larger sample size would likely dissipate much of the uncertainty, classification and 
similarity analyses of quantitative metrics in spectral features are helpful in confirming 
groupings. Some of the analytical approaches that have been used include Random 
Forests (Rekdahl et al. 2013; Risch et al. 2013; Stowell & Plumbley 2014), Principal 
Component Analysis (Dunlop et al. 2007) or machine-learning techniques (Halkias et 
al. 2013) for a variety of animal vocal repertoires including birds, bats and cetaceans. 
The use of these methods requires a sufficiently large sample size for reliable results 
(Morgan et al. 2003).  
 
For instance, many studies have used classification methods with over 200 sounds, 
with all sound types recorded more than once (e.g. Cerchio & Dahlheim 2001; Dunlop 
et al. 2008; Rekdahl et al. 2013; Halkias et al. 2013). In this study, the overall sample 
size was less than 70, and six of the sound types were recorded only once. The 
effectiveness of grouping of sound types using qualitative spectral features is 
supported by similarities reported between aural and visual inspection of 
spectrograms and quantitative classification in other studies (Dunlop et al. 2007; 
Rekdahl et al. 2013).  However, for highly variable sound types (HW-02 and HW-15), 
quantitative classification using a large sample size is suggested to improve their 
classification.  
 
In this study there was some regional spatial variation in detections of non-song 
sounds, in that they were only identified in the inshore recordings off Port Hedland. 
Humpback whales have habitat preferences related to social organization, where 
mother and calves show strong preference to shallower inshore waters (Ersts & 
Rosenbaum 2003; Irvine & Salgado Kent 2017). It is not possible to identify whether 
the non-song sounds recorded in inshore waters were produced by mother-calf 
groups, but those recorded in November (e.g. HW-15, HW-16) correspond with the 
end of the southerly migration in mother-calf groups from breeding grounds (Dawbin 
1966; Craig et al. 2003). Considering that humpback whales have a structured 
migration in which females in early stages of lactation and mothers with newly born 
calves are the last to depart from breeding grounds (Dawbin 1997, Craig et al. 2003), 
it is likely that the sounds recorded in November in Port Hedland were vocalised by a 
mother-calf group.  
 
55 
 
Finally, this paper has improved current knowledge on the vocal repertoire of 
humpback whales, which improves the basis for PAM in behavioural and ecological 
studies. Attributes, such as differences in timing between the presence of song and 
non-song off Port Hedland observed here, extend the use of PAM to cohort-specific 
studies. However, the use of sound types in PAM must consider its potential 
limitations, such as difficulties in discerning sounds during peak periods for highly-
vociferous species such as humpback whales. Thus, consideration of the range of 
PAM approaches available is suggested, with selection of an optimal approach based 
on the objectives of a study and how the focal species behaves in its habitats.  
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Chapter 3.  
 
Variability in vocalisation rates of baleen whales in Geographe 
Bay, Western Australia: Investigating the influence of 
biological, environmental, behavioural and anthropogenic 
parameters 
 
 
This study aimed to identify conditions influencing the vocalisation rates of pygmy 
blue (Balaenoptera musculus brevicauda) and humpback (Megaptera novaeangliae) 
whales migrating through Geographe Bay, Western Australia. Specifically, the 
association between the number of vocalising groups detected in underwater 
recordings for each species and a combination of biological, environmental, 
behavioural, temporal and anthropogenic conditions was investigated. Simultaneous 
visual and acoustic observations were made during the month of November in 2010, 
2011, 2013, and 2014 when whales migrated through Geographe Bay. Vocalisation 
rate was modelled comprehensively using a GEE framework by producing three 
separate models: one global model including both baleen whale species and one 
model for only humpback or pygmy blue whales. Vocalisation rate was species 
specific, with humpback whale vocalisations detected more frequently than pygmy 
blue whale vocalisations. Vocalisation rates varied with the type of sound recorded 
(song versus non-song), with song more frequently detected than non-song for 
humpback whales and vice versa for pygmy blue whales. Vocalisation rate also varied 
among years, but only for humpback whales; and with Julian days for both species 
with higher number of whales recorded at the beginning of the month. Unlike 
humpback whales, pygmy blue whales were detected more often during the morning 
than in the afternoon. Environmental (i.e. sea state, cloud cover) and anthropogenic 
(i.e., vessel presence) factors did not influence vocalisation rates for either species. 
This study identified that baleen whale species have different communication and 
reproductive strategies that may explain the differences in their vocal rates even when 
they have a similar habitat use. Understanding the variability in the vocal behaviour 
of different species will contribute to improve species specific models of detection that 
will reduce bias in population trends estimations using passive acoustic data. 
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3.1. Introduction 
The use of remote sensing technologies for monitoring aquatic populations and 
mitigating human impacts has significantly increased over the last decade. Passive 
acoustic monitoring (PAM) has become popular because it is relatively cheap, can be 
used over long periods varying from months to years, and can be undertaken in 
remote areas independent of weather conditions. However, the use of PAM to 
measure population parameters (such as presence, distribution and animal 
movements) relies on animals being vocally active and on their vocalisations being 
detected. Most populations monitored will have some animals that are not vocalising. 
Thus, knowledge on vocal ecology and how likely animals are to be detected using 
PAM (i.e. the detection probability) will allow inferences to be made about the entire 
population (vocalising and non-vocalising cohorts).  
In general, the probability of acoustic detection is dependent on a combination of 
parameters. These include animal vocalisation rates, the physical characteristics of 
the study area and how sound propagates through it, and environmental conditions 
during the study period. Of those parameters, vocalisation rate and its variability are 
often poorly known (Oleson, Wiggins & Hildebrand 2007; Marques et al. 2013).  
The variability in vocalisation rates has been evaluated for several terrestrial taxa, 
including Carnivore (Laundre 1981; Bender et al. 1996), Avian (Conway et al. 1993; 
Lucas et al. 1999; Rehm & Baldassarre 2007; Odom & Mennill 2010; Belinsky et al. 
2012) and Amphibia (Sinsch & Joermann 1989; Lingnau & Bastos 2007). These 
studies have found that variability in vocalisation rates is species specific but can 
increase as a function of specific conditions such as increased group size in coyotes, 
Canis latrans (Laundre 1981; Bender et al. 1996), food limitation in Carolina 
chickadees, Poecile carolinensis (Lucas et al. 1999), social interactions in marsupial 
frogs of the species Gastrotheca marsupiata (Sinsch & Joermann 1989), or 
decreasing temperature in frogs of the species Hylodes heyeri (Lingnau & Bastos 
2007).  Some conditions influence vocalisation rates of highly diverse species in the 
same way, such as some birds and frogs that increase vocal activity at sunset and/or 
sunrise (Sinsch & Joermann 1989; Lingnau & Bastos 2007; Odom & Mennill 2010; 
Belinsky et al. 2012) or have similar seasonal patterns in vocal activity (Conway et al. 
1993; Rehm & Baldassarre 2007; Odom & Mennill 2010).  
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Studies on vocalisation rates of marine fauna are far fewer because often are 
logistically challenging and costly due to species’ remote occurrence in oceanic 
habitats. However, studies that have been carried out on marine species have 
identified seasonality, food availability and lunar cycles as the most common causes 
of variability in vocalisation rates (e.g. Radford et al. 2008; Staaterman et al. 2014; 
Parsons et al. 2016). For instance, for many fish species vocalisations are detected 
more frequently at sunrise and/or sunset (McCauley 2012; Parsons et al. 2016) or 
during new and full moons (McCauley 2012; Staaterman et al. 2014).  
 
Studies on cetaceans have identified diel patterns in vocalisation rates that vary 
among species, areas and seasons. For pygmy blue whales (Balaenoptera musculus 
brevicauda), fewer song sounds were detected during the day than at night but the 
difference was not large (Gavrilov & McCauley 2013). In contrast, southern right 
whales (Eubalaena australis) had similar vocalisation rates during day and night-time 
periods (Hofmeyr-Juritz & Best 2011). In others studies, humpback whales 
(Megaptera novaeangliae) have been reported to be more active at night      
(Cholewiak et al. 2008) and to have significant diel pattern when combined with moon 
phases (Sousa-Lima & Clark, 2008, Cerchio et al. 2014). For other species, the rate 
of whistles and echolocation bouts of bottlenose dolphins (Tursiops truncatus) 
reportedly changed among geographic locations (Jones & Sayigh 2002), and the 
presence of spinner dolphin vocalisations in Hawaii may be  related to prey 
occurrence and distribution (Lammers et al. 2008).  
 
In general, identification of variables such as behavioural and social contexts, 
environmental conditions (apart from diurnal patterns), and anthropogenic effects that 
may influence vocalisations has been more limited for cetaceans. Despite this, some 
examples on how environmental, behavioural and anthropogenic variables can 
influence vocalisation rates of whales and dolphins have been reported. For example, 
a previous study identified the location of the southern boundary of the Antarctic 
circumpolar current as a predictor of blue whale’s (Balaenoptera musculus) D and Z 
call rates, and temperature, primary productivity, location and wind speed, were 
predictors of overall vocal rates for blue whales in the Southern Ocean (Shabangu et 
al. 2017). The later has also been linked to changes in vocal behaviour of humpback 
whales (Dunlop et al. 2010) and ice coverage has been found to be directly correlated 
with vocalisation rates of beluga whales (Delphinapterus leucas) in the Pacific Arctic 
region (Garland et al. 2015). In addition, studies in areas with high levels of 
anthropogenic activity have showed that North Pacific right whales (Eubalaena 
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japonica lower their vocalisation rates when there are high vessel noise levels (Parks 
et al. 2007), and seismic surveying has been associated with a significant reduction 
in the number of humpback whale singers (Cerchio et al. 2014). Furthermore, it has 
been suggested that males change their song structure in the presence of other 
singers (Cholewiak 2008). However, whether a male starts or stops singing because 
other singers are in the vicinity is not known.  
While the studies on cetaceans provide insight into conditions that influence 
vocalisation rates, wide knowledge gaps remain for a large number of species. In 
addition, most studies have focused on one set of factors of interest that can be 
environmental, behavioural or anthropogenic and specific sound types (generally 
song). To fill some of the existing knowledge gaps, this study evaluated multiple 
influencing conditions on vocalisation rates of two species of whales that occur 
concurrently in the same location, humpback and pygmy blue whales. Conditions 
included a combination of environmental, behavioural and anthropogenic factors.  
Specifically, the study investigated vocalisation rates as a function of species 
(humpback and pygmy blue whales), type of acoustical cues produced (song and non-
song), social context (as the number of whale groups of the same species present in 
the area), temporal scale (time, day, and year), vessel presence, and environmental 
conditions (sea state, cloud cover and glare) in Geographe Bay (GB), Western 
Australia (WA). Vocalisation rate in this study was defined as the number of groups 
detected vocalising per recording (with a duration of 13 or 23 minutes), given they 
were known to be present. A group was defined as individuals travelling within 
approximately 100 m of each other and displaying a coordinated behaviour and 
direction (Morete et al. 2007).  Only recordings at times when whales were confirmed 
to be present, either acoustically or via simultaneous visual observations, were used. 
GB is a notable location in that it is one of few known locations worldwide where 
pygmy blue whales migrate within a few hundred metres of the shore and can be 
observed and tracked from land. GB is also an important tourist destination in the 
south-west of Australia. Whale watching and recreational fishing are among the 
principal attractions, and in recent years such activities have been increasing. 
Understanding vocal variability over time in relation to social, anthropogenic, and 
environmental conditions is essential to understanding the behaviour of whales and 
assessing anthropogenic impacts.  In addition, knowledge on how the number of 
vocalising groups may vary under different conditions is required for developing 
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passive acoustic methods to estimate population parameters that use detection 
probabilities. Through monitoring whale populations and underwater noise levels, 
regional management guidelines and species conservation policies can be improved.  
   
3.2. Methods  
 
3.2.1. Study area 
 
GB is located in the south-west of Australia, about 220 km south of Perth (Figure 3.1). 
The bay’s coastline extends from Cape Naturaliste located at the south-western tip of 
Australia to Bunbury (from 33° 18’ 32’’ S and 115° 38’ 6’’ E to 33° 32’ 6’’ S and 115° 
0’ 29’’ E). Geographe Bay’s coast is predominantly sandy, comprised of a thin offshore 
sand-sheet and a series of parallel ridges that are part of the Quindalup system 
(Damara 2011). The southern area of GB is fringed by hills up to approximately 50 m 
high, while the seafloor depth ranges between 20 and 50 m. The seafloor of GB is 
part of the Yallingup shelf (Borissova 2002) and composed of Holocene sediments, 
tamala limestones and clays.  
 
 
Figure 3.1. Location of study site, including the position of the acoustic recorder, the land-
based theodolite station, and the study area (shaded in pink) in Geographe Bay, Western 
Australia. 
____________________________________________________________________  
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Humpback and pygmy blue whales migrate through GB while on route to feeding 
grounds in Antarctica from northerly breeding grounds. Thus, humpback whales are 
present in GB between approximately August and December, and pygmy blue whales 
between approximately October and January. The exact peak periods in migration for 
these species vary among years (Salgado Kent et al. 2014).  
The region near Pt. Piquet in GB was selected as the study area for several reasons 
(Figure 3.1). Firstly, a relatively large number of pygmy blue and humpback whales 
pass very close to the shore at Pt. Piquet (as close as ~200 m). The close proximity 
allows for simultaneous acoustic and land-based visual surveys to be undertaken at 
this location. Secondly, the physical characteristics influencing acoustic transmission 
at this location (including a relatively flat seabed depth of 30 m) allow for pygmy blue 
whale vocalisations to be detected within approximately 6-10 km, and humpback 
whale vocalisations within around 20-30 km but not beyond (Salgado Kent, Gavrilov 
et al. 2012). Thirdly, hills just behind Pt. Piquet with 180° field of view from a height of 
~50 m allowed a maximum visual detection range of 15 km. Thus, the characteristics 
of the region near Pt. Piquet allowed for simultaneous visual and acoustical monitoring 
of the area near land.  
Consequently, the ‘Study Area’ was defined as a 19.7 km2 circular area off Pt. Piquet 
(Figure 3.1) with a radius up to 3 km in range. The circular shape corresponded to the 
decreasing detection in all directions as a function of distance from an omnidirectional 
hydrophone fitted to the stationary acoustic recorder used in this study. The stationary 
underwater recorder was placed at 2.5 km from Pt. Piquet. The 3 km maximum radius 
(in all directions away from the logger position) corresponded with vocalisation signal-
to-noise ratios (SNRs) of 8 dB (regardless of species; Salgado-Kent, Gavrilov et al. 
2012). This SNR allowed sounds to be distinguished easily from background noise. 
Visual observations within the Study Area were undertaken from the 50 m hill called 
Hill 50 in Meelup Regional Park, 293 m behind Pt. Piquet. From Hill 50, whales could 
be confidently tracked from a range of approximately 3 km while still having relatively 
good detection out to 6 km.  
Because the area in which whales were detected by each survey platform varied in 
range and shape, observations from each platform were truncated for data analysis 
to correspond with the Study Area. Because there were no features to demarcate the 
boundaries of the Study Area in the field, visually tracked whales beyond 6 km were 
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removed from the dataset. Similarly, acoustically detected whales with SNRs less 
than 8 dB were removed. Thus, all observations were standardised to the Study Area. 
 
3.2.2. Study period 
 
The study was conducted during the month of November in 2010, 2011, 2013 and 
2014 as part of the Southwest Whale Ecology Study (SouWEST: 
https://souwest.org/). November is known to be the peak of the pygmy blue whale 
migration (Burton, unpublished data), and while humpback whale numbers begin to 
drop in the area they continue to be high in November (Salgado Kent et al. 2014). The 
period just after the peak of migration for humpback whales was chosen to facilitate 
the differentiation of multiple vocalising groups, since recordings during the peak 
period can be saturated with humpback whale song.  
 
3.2.3. Survey methodology 
 
The geographical location where land-based visual observations were undertaken on 
Hill 50 was 33° 36’ 7.48’’ S and 115° 4’ 46.55’’ E (Figure 3.1). The stationary 
underwater acoustic recorder was located at approximately 33° 32’ 48’’ S and 115° 
06’ 24’’ E (Figure 3.1; see Table 3.1. for exact positions of each recorder).  
 
3.2.3.1. Visual observations 
 
Land-based visual observations were collected using a TopCon GTS-603AF 
Electronic Total Station theodolite connected to a computer running a real-time 
positioning software called CYCLOPS (v.2.8.04 for 2010-2011 data - Erick Kniest, 
University of Newcastle) or VADAR (for 2013 – 2014 data, Erick Kniest, University of 
Newcastle). Observations were conducted by a team of at least three observers over 
6-7 hours per day, depending on weather conditions. Observations were undertaken 
in Beaufort conditions of less than 5 to reduce bias and error in sightings due to 
whitecaps. Observer teams rotated at midday to reduce error caused by observer 
fatigue. The first team undertook a shift commencing at 07:30 and finishing at 
approximately 11:00 to avoid the midday heat. The second team undertook an 
afternoon shift commencing at 14:00 and finishing at 17:45. 
 
The observations were collected continuously following a protocol to obtain numbers 
of whales sighted, spatial distribution, group composition and general information on 
local movements, behaviour and direction of travel over time. Additionally, presence 
63 
 
and location of vessels and weather conditions were recorded. Weather conditions 
were collected on site every 30 minutes, and included: qualitative estimates of wind 
speed (knots), wind direction (relative to magnetic north), swell height (m) and 
direction (relative to magnetic north from its origin), sea state using the Beaufort scale 
(Barua 2005), cloud cover (in octaves), glare (on a scale of 0 to 3, with 0 
corresponding to no glare and 3 to intense glare), and the presence or absence of 
haze. All conditions were estimated by an experienced observer.  
 
3.2.3.2. Acoustic recordings 
 
The underwater acoustic recorders were built at the Centre for Marine Science and 
Technology (CMST, Curtin; McCauley et al. 2017). Acoustic recorders were 
positioned on the seafloor with a mooring configuration consisting of an anchor, 
ground line and acoustic release, as described in McCauley et al. (2017). Deployment 
positions of acoustic recorders varied in geographical location and depth from year to 
year only by a few meters (Table 3.1). 
 
Table 3.1. Geographic positions and depths of underwater acoustic recorders deployed in 
Geographe Bay, WA in 2010-2011 and 2013-2014.  
Year  Latitude (S) Longitude (E) Seafloor depth (m) 
2010 33°32'51.66" 115° 6'29.28" 29.0 
2011  33°32'52.38" 115° 6'39.18" 29.0 
2013 33°32'33.00" 115° 6'39.42" 32.3 
2014 33°32'45.72" 115° 7'0.90" 30.0 
 
The recorders were calibrated before and after deployment using white noise of 
known level in series with the hydrophone. The received signals were amplified using 
a pre-amplifier of 20 dB gain and a channel amplifier of 20 dB gain. Signals were high-
pass filtered at 8 Hz so as to reduce the naturally high levels of low-frequency noise 
in shallow water and increase the dynamic range of the recording system. The signals 
were anti-aliasing filtered and digitised by a 16-bit analogue-to-digital converter 
(ADC). Sampling schedules, sampling frequencies, anti-aliasing filters and duty 
cycles for all years are given in Table 3.2. Schedules of recording were either 13 
minutes every 15 minutes or 23 minutes every 30 minutes over a period ranging from 
30 to 80 days (depending upon year). Individual recordings of 13 or 23 minutes are 
called samples (in the statistical sense) in this study.  
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Table 3.2. Acoustic recorder settings and recording schedules for each year of study. 
Year Total Gain 
(dB) 
Sampling 
frequency 
(kHz) 
Anti-aliasing 
filter (kHz) 
Duty cycle Underwater 
recording period 
2010 40 12 5 13 minutes every 15 
minutes 
14/11/2010 to 
13/12/2010 
2011 40 12 5 13 minutes every 15 
minutes 
10/11/2011 to 
15/12/2011 
2013 40 6 1.8 23 minutes every 30 
minutes 
14/11/2013 to 
05/02/2014 
2014 40 6 1.8 23 minutes every 30 
minutes 
31/10/2014 to 
15/01/2015 
 
3.2.4. Data processing 
 
Because visual observations were limited to shifts conducted during daylight hours on 
good weather days, all data from the two platforms were made comparable by only 
including acoustic data from times with corresponding visual observations. Of these 
data, only those with acoustical and/or visual whale detections were included in the 
analysis, so the analysis included only times when whales were present in the Study 
Area.  
 
For acoustic analyses, whale vocalisations were manually extracted from recordings 
using the MATLAB (The MathWorks Inc.) toolbox 'CHORUS' (Characterisation Of 
Recorded Underwater Sound) developed by CMST (Gavrilov & Parsons 2014). 
Spectrograms were computed using Hamming windows of 1 or 0.5 s, with 50 or 90% 
overlap. All spectrograms were displayed with a frequency range of 6 Hz to 4 kHz for 
consistency amongst recording settings. Spectrograms and waveforms were 
displayed in 50-s windows and longer (Figure 3.2). Segments of this length allowed 
song phrases produced by different groups to be distinguished since song phrases 
have an average duration of between 7 s and 1 minute (Payne et al. 1983; Guan et 
al. 1999). 
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Figure 3.2. Example of spectrograms and waveforms used in the acoustic recording review 
process, including those for the full recording (top panel) and for the 50-s clips (bottom panel). 
Spectrograms were plotted using the following settings: a. Top panel, fs = 6 kHz, NFFT = 6000, 
Hamming window and overlap = 50%; b. Bottom panel, fs = 6 kHz, NFFT = 3000, Hamming window, 
and overlap = 90%. 
____________________________________________________________________  
Humpback and blue whale sounds were marked and classed as either song or non-
song. Songs produced by humpback and blue whales are recognized for its regular 
and patterned sequences of notes or units (McDonald et al 2006; Cholewiak et al. 
2013, Figure 3.3). Because humpback whale song is highly complex and can evolve 
seasonally, it was qualitatively described for each season following the methods by 
Garland et al. (2011). In contrast, non-song vocalisations for both species are 
identified as single units that do not follow a pattern (Payne et al. 1983; Dunlop et al. 
2007; Oleson, Calambokidis, Burgess et al. 2007).  
Humpback whale non-song vocalisations are sounds that either are completely 
different from those used in song, or are used in song but not in a patterned sequence, 
or appear as sequences of sounds. In the latter two cases, non-song sounds can be 
difficult to distinguish from song units. Thus, the description of song for each season 
was used to identify non-patterned units produced outside of song patterns (see 
Chapter 2). To ensure that sequences of non-song sounds were not erroneously 
identified as song as a result of clipping of the sequence in the recording, recordings 
with the entire sequence (unclipped) were used to compare to song sequences. If 
after full comparison it was not possible to categorize the sequence as a non-song 
sequence or as a song phrase, the sample was not included in the analysis. This was 
done to reduce error. Non-song vocalisations described for humpback whale 
populations elsewhere were used to aid identification (Silber 1986; Cerchio & 
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Dahlheim et al. 2001; Simao & Moreira. 2005; Dunlop et al. 2007; Zoidis et al. 2008; 
Rekdahl et al. 2013; Fournet et al. 2015; Videsen et al. 2017, Chapter 2).  
 
 
Figure 3.3. Example of humpback whale phrases and themes that are typically placed in 
particular combinations and repeated to make up song.  
            ____________________________________________________________________ 
 
Pygmy blue whale song was identified using previous descriptions for the population 
(McDonald et al. 2006; Gavrilov et al. 2011) since pygmy blue whale song structure 
evolves over long time periods of decades, rather than annually as does humpback 
song (Gavrilov et al. 2011).  Pygmy blue whale non-song sounds were distinguished 
from humpback song by their simpler patterns and their characteristic frequencies 
between 14 and 300 Hz, previously documented in Geographe Bay (Salgado Kent, 
Gavrilov et al. 2012; Recalde-Salas et al. 2014; Chapter 2 of this thesis). In some 
cases, unpublished sounds (not described in Mellinger & Clark 2003; Oleson, 
Calambokidis, Burgess et al. 2007; Stafford et al. 2011; Recalde-Salas et al. 2014) 
were suspected to be from pygmy blue whales. In these cases, sounds were attributed 
to pygmy blue whales if: (1) at least one pygmy blue whale group was observed 
(visually) in the Study Area, and (2) no humpback whale group was sighted in the 
Study Area between 10 minutes before and 10 minutes after the sound was recorded. 
This 20-minutes period meant that any humpback whales that might have been in the 
region were likely approximately 1 km outside the Study Area, based on an average 
migratory speed of 3 km hr-1 (unpublished data from the Study Area).  
 
Once the species and vocalisation types were identified in a recording, the number of 
groups producing them was determined. A group of whales was defined as whales 
traveling within 100 m of each other, moving in a coordinated direction and exhibiting 
the same behaviour (Morete et al. 2007). A group can be a singleton or multiple 
animals. The number of groups rather than the number of individuals vocalising per 
sample was assessed because it was not possible to identify which individuals within 
a group were vocalising using a single stationary underwater acoustic recorder. 
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However, the number of groups vocalising could be assessed based on the rationale 
described below.  
 
Firstly, song is thought to be produced by males (Frankel et al. 1995; Darling et al. 
2006; McDonald et al. 2006; Oleson, Calambokidis, Burgess et al. 2007; Garland et 
al. 2011) and has been reported to be produced mostly by solitary animals (Payne et 
al. 1983, Frankel et al. 1995; Darling et al. 2006; McDonald et al. 2006). In humpback 
whales, it has been reported that singers stop singing in the presence of other males 
or adults (Tyack 1981). Some studies have also reported that males can start singing 
after joining a mother-calf group (forming a mother-calf-escort group), or can have 
interactions with other group types such as dyads or competitive pods (Smith et al. 
2008). According to visual observations, there were relatively few mother-calf-escort 
groups in the area (i.e. an average of 4 groups per season, with a minimum of 0 and 
maximum of 7) and even fewer single individuals joining mother-calf groups (i.e. this 
was reported on two occasions for all seasons) or other group types. Consequently, 
for humpback whales, song was assumed to be produced mainly by groups of one 
individual. Consequently, bias caused by singers in mother-calf-escort groups was 
expected to be low. However, this bias should be considered when a survey begins 
before and occurs during the peak of migration since the number of singers escorting 
mother-calf groups may be greater. While the same evidence is not available for blue 
whales, song was associated with groups of two individuals only twice; on all other 
occasions, potential blue whales singing travelled singly. Thus, for blue whales, song 
was also assumed to be produced by groups of one individual. 
 
Non-song sounds were assumed to be produced by groups different from those 
producing song based on the rationale given above. When multiple non-song sounds 
were observed in a recording, then these were assigned to different groups when 
signal SNRs in spectrograms clearly differed from visual inspection. Often this 
occurred together with overlapping units (Figure 3.4). If SNRs were similar and units 
were not overlapping, non-song sounds were assumed to be produced by the same 
group. However, there is the possibility of underestimating the number of groups 
vocalising non-song sounds when multiple vocalising groups are located at similar 
distances from the hydrophone and therefore present similar SNR values. The current 
data does not allow for this bias to be corrected as acoustical tracking is the only 
option to reduce it. Although this bias will be considered in the results and discussion 
of this study for non-song sounds, it was considered highly unlikely for song. When 
multiple singers are at similar ranges, all groups should be vocalising the same phrase 
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simultaneously and units will need to be overlapping in the entire recording so it is not 
possible to distinguish individual song phrases. It was possible to distinguish 
individual song units and phrases in this study because the sampling was carried out 
after the peak of migration when the number of singers is lowering.  
 
 
Figure 3.4. Example of count of pygmy blue whale groups detected acoustically based on 
multiple sounds observed in a sample spectrogram (overlapping units attributed to different 
whale groups shown with the black rectangle). The spectrogram has the following settings: fs = 
6 kHz, NFFT = 6000, Hamming window and overlap = 90%. 
___________________________________________________________________ 
 
For each recording, the minimum, maximum and best estimates of the number of 
groups producing song and non-song sounds were assessed.    
 
3.2.5. Statistical analyses 
 
Generalized Estimating Equations (GEE) were used to investigate the influence of 
factors such as species (humpback and pygmy blue whales), vocalisation type 
produced (song and non-song), social context measured as the number of whale 
groups of the same species visually observed in the area, temporal scales (time of 
day, day, and year), vessel presence, and environmental conditions (wind speed, sea 
state, cloud cover and glare) on vocalisation rates (numbers of groups vocalising per 
sample) in the Study Area in GB. Temporal explanatory variables included year, Julian 
day and period of the day (either AM or PM). A temporal scale finer than AM or PM 
(such as hours) was not possible because of temporal autocorrelation. The response 
variable was the best estimate of the number of groups vocalising per recording, given 
they were known to be present in the Study Area. 
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Three GEE models were fitted, including: (1) a global model that included both 
species (called M1), (2) a model that only included humpback whales (M2), and (3) a 
model that only included pygmy blue whales (M3). The first of these models included 
all explanatory variables and their interactions with species. The species-specific 
models (M2 and M3) included all explanatory models (except for species) and 
included all two-way interactions that were identified as biologically relevant. By fitting 
species-specific models, the complexity of 3-way interactions that captured species-
specific effects was avoided.    
Models were fitted using RStudio Version 3.2.1 (© 2015 RStudio, Inc.) and the 
following R (R Development Core Team 2016) packages: MRSea (Scott-Hayward et 
al. 2013), doBy (Højsgaard 2006), stringr (Wickham, 2012), geepack (Halekoh et al. 
2006) and lattice (Sarkar 2014). GEE models were preferred over other methods as 
they account for autocorrelation of residuals when the structure is not identified 
(Dormann et al. 2007), they allow for non-normally distributed responses (Zuur et al. 
2009) and model the average population effect of covariates instead of individual-
specific effects (Oedekoven 2013). GEE were also chosen for its flexibility to manage 
unbalanced datasets without having to discard data or reduce the number of 
observations (Ballinger 2004). Because of variability in start and end dates of 
seasonal observations among years, data were subsampled so that all observations 
were from the month of November (between Julian days 315 and 335).  
Temporal autocorrelation in residuals resulting from the same groups detected 
acoustically and visually in the study area in consecutive samples was confirmed 
using the runACF function of the MRSea R package (Scott-Hayward et al. 2013). 
Thus, an autocorrelation structure was included in the models. Tracking data from 
visual observations in this study indicated that groups of whales could be expected to 
take up to approximately 2-3 hours to cross the Study Area. Thus, samples within a 
morning (AM) period and samples within an afternoon (PM) period for each day could 
be considered to be autocorrelated (as these observations were over a period of 2-3 
hours). The autocorrelation test confirmed that autocorrelation within each AM and 
PM ‘block’ decayed until it was negligible towards the end of each block. Thus, 
‘AM/PM blocks’ for each day were used as the blocking structure for the waves 
argument in geepack. Within each AM/PM block, samples were numbered according 
to their temporal spacing and these values allocated to an ‘ID’ vector used as an 
argument for the autocorrelation structure.  
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Geepack allows for AR-1, unstructured, independence, and exchangeable 
autocorrelation structures in models. An AR-1 correlation structure was initially 
selected as this is suggested as the most appropriate structure for datasets with time 
order (Zuur et al. 2009). However, GEEs were fitted with different structures to confirm 
the stability of the model (Hardin & Hilbe, 2012), and the best fit correlation structure 
selected based on the lowest Quasi likelihood under the independence model (QIC) 
values (Pan 2001).   
 
Because the response variable consisted of count data, a Poisson family and log-link 
function were used in the model.  Explanatory variables, including species, presence 
of vessel, year, period of the day (AM/PM) and vocalisation type, were considered as 
factors. Beaufort, wind speed, glare, cloud cover and number of visually tracked 
groups were included as numeric variables. As these explanatory variables were not 
necessarily expected to vary linearly with the response variable, a smooth fit was 
tested with knots selected using the makesplinesParams and 
runSALSA1Dwithremoval functions of the MRSea package (Scott-Hayward et al. 
2013). The best fit, smoothed or linear, was chosen based on the Bayesian 
information criterion score (BIC). BIC is based on a likelihood function that compares 
non-nested models by comparing posterior to prior probabilities of two models in the 
model selection process (Redfern 2006). All variables were tested for collinearity to 
ensure that no collinear variables were included in the same model. If adjusted 
Variance Inflation Factors (VIFs) exceeded 2, variables were considered to be 
collinear. As Beaufort and wind speed were collinear, and Beaufort was considered 
to more directly affect detection of whales, wind speed was excluded from analyses.  
 
To fit the models, first, a full-model was constructed which included all explanatory 
variables and factors. Step-wise model selection occurred by comparing constructed 
sub-models that step-wise excluded non-significant explanatory variables with the 
previous larger model using QICu and ANOVAs (Pan 2001; Halekoh et al. 2006). The 
most parsimonious model that reduced the QICu by more than 2 units (Hardin & Hilbe 
2013) and showed no significant differences between models (using ANOVAs) was 
selected as the better of the two models. Models were validated and checked by 
plotting fitted values versus scaled Pearson´s residuals and by comparing observed 
and fitted values. Finally, scatter plots, boxplots, and summary statistics such as 
means and standard deviations were used to describe and visualise patterns in 
numbers of groups as a function of different conditions and over time. 
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3.3. Results 
3.3.1. Effort 
A total of 48 days were sampled; i.e., 15, 12, 12, and 9 days during 2010, 2011, 2013 
and 2014, respectively.   
Acoustic recordings: The 48 days consisted of 126.6 hours in 482 acoustic samples. 
Of the total 126.6 hours, 40.2 hours (181 samples) were from 2010 and 28.0 hours 
(126 samples) were from 2011. These had an acoustic recording duty cycle of 13 
minutes every 15 minutes. Slightly less effort was associated with the longer acoustic 
recording duty cycle of 23 minutes every half hour; which included 33.7 hours (101 
samples) from 2013 and 24.7 hours (74 samples) from 2014. 
The number of samples reviewed in the morning and afternoon of each day were 
comparable (AM period: ?̅? = 15.17 samples day-1, SD = 7.41; PM period: ?̅? = 14.80 
samples day-1, SD = 5.39). However, on several days, samples were collected only 
during the morning or afternoon, but this unbalanced sampling occurred haphazardly 
throughout the season (i.e. it was not clustered; Figure 3.5). 
Figure 3.5. Number of acoustic samples collected during AM and PM periods over Julian days 
in the Study Area in Geographe Bay during 2010-2011 and 2013-2014.  
____________________________________________________________________ 
Visual observations: Visual observations during the 48 days were conducted over a 
total of 190.4 hours. This effort was greater than acoustic effort because it was 
collected continuously rather than on a duty cycle. Of the total effort, 55.0 hours were 
conducted in 2010, 39.4 in 2011, 53.6 in 2013, and 42.4 in 2014 (Figure 3.6). 
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Differences in effort between AM and PM periods varied from as little as 0.24 hours 
in 2010 to 6.9 hours in 2014 (Figure 3.6).  
 
 
Figure 3.6. Visual observation effort (hrs) during AM and PM periods in the Study Area in 
Geographe Bay during 2010-2011 and 2013-2014. 
____________________________________________________________________  
 
 
3.3.2. Environmental conditions and vessel presence 
 
A range of environmental conditions and vessel presence occurred throughout the 
study period (Figure 3.7). These conditions varied from sea state conditions of 0 to 5, 
cloud cover from 0 to 8, glare from 0 to 3, and a large sample size of vessels present 
and absent.  
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Figure 3.7. Summary of variability for environmental and anthropogenic variables over the 
study period. 
____________________________________________________________________  
3.3.3. Number of vocalising whale groups 
The number of whale groups reported here represents the number of groups 
vocalising per sample. Consequently, groups counted in adjacent samples within an 
AM or PM period within any one day may include some of the same whale groups in 
adjacent samples. Thus, the total sum of count over all samples represents the total 
number of vocalising groups in the area rather than the total number of whale groups 
present in the area (vocalising and not vocalising).  However, the number of groups 
per sample is a measure of the relative number of groups in the area during the 
duration of the sample. 
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On average, one group of baleen whales was vocalising per sample (Max = 7, Min = 
0, Var = 1.48, SD = 1.22).  Differences between species were observed, with more 
humpback than pygmy blue whale groups vocalising per sample (Figure 3.8).   
 
 
Figure 3.8. Boxplots (95% confidence intervals) for the number of vocalising blue whale (BW) 
and humpback whale (HW) groups in Geographe Bay. 
____________________________________________________________________ 
 
The mean number of vocalising baleen whale groups per sample varied among years, 
with a decrease in number of humpback whales over the years from a mean of 1.33 
(SD = 1.48) in 2010 to a mean of 0.78 (SD = 0.96) in 2014 (Figure 3.9). 
   
 
Figure 3.9. Boxplots (95% CI) of cumulative number of pygmy blue whale (BW) and humpback 
whale (HW) groups vocalising per sample in 2010, 2011, 2013 and 2014. HW. 
____________________________________________________________________ 
 
For acoustic recordings, 828 groups produced song, and 244 groups produced non-
song sounds; with an average of 1.86 detections per sample (SD=1.30) from groups 
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producing song and an average of 0.25 detections per sample (SD=0.52) from those 
producing non-song sounds (Figure 3.10.a).  
 
 
 
 
Figure 3.10. Boxplots (95% CI) of the mean number of whale groups vocalising song and non-
song sounds per sample per hour for: a. for each type of vocalisation category (song and non-
song), b. for type of vocalisation split by year, and c. for type of vocalisation for each whale 
species (blue whale (BW) and humpback whale (HW). 
____________________________________________________________________ 
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While groups producing song and non-song sound were recorded for both species 
during all years (Figure 3.10.b), there was a decrease in number of vocalising 
humpback whale groups between 2010 and 2014 (Figure 3.9), which is probably 
driven by the number of groups vocalising song (Figure 3.10.b). Differences were 
observed between species in that the mean number producing song per sample was 
larger for humpback whales (?̅? = 2.30, SD = 1.13) than pygmy blue whales (?̅? = 1.04, 
SD = 0.21), and was larger than either species producing non-song sounds 
(humpback whale non-song: ?̅? =1.13, SD = 0.37; pygmy blue whales: ?̅? =1.29, SD = 
0.45) (Figure 3.10.c). 
 
3.3.4. Conditions influencing the number of vocalising baleen whale groups 
within Geographe Bay  
 
Biological, behavioural, and temporal conditions influencing the number of vocalising 
groups per sample were similar in all best models (Table 3.3, Table 3.4 and section 
3.6. Supplementary Material). Environmental conditions had very little influence in all 
models. Anthropogenic conditions, measured in terms of vessel presence, had no 
influence in any of the models.   
Biological variables: The global model that included both whale species (M1) 
indicated a marked difference in number of vocalising groups between species, with 
greater numbers of humpback whales than blue whales detected reflecting the 
patterns in raw means presented above (Table 3.4).  
 
Behavioural variables: All models (M1, M2 and M3) indicated that sound type 
influenced the number of vocalising groups detected per sample, with a greater 
number of song-producing than non-song producing groups detected in the case of 
humpback whales and the opposite in the case of blue whales (Figure 3.11.c; Figure 
3.12.c; Figure 3.13.b). For humpback whales, the interactions between sound type 
and year was significant, with song decreasing over years as indicated in raw 
detections in the section above. For blue whales, the interaction between sound type 
and AM/PM indicated and decreased from AM to PM periods.  The global model (M1) 
and the model for humpback whales only (M2) indicated that the number of groups 
visually tracked through the area per sample was associated with the number 
detected acoustically; however, this was not the case for blue whales (M3). The 
difference in species is further corroborated by the interaction between species and 
sound type and between species and number of groups visually tracked in the global 
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model (M1). In addition, for humpback whales, the association between the number 
of acoustic detections and the number of visually tracked groups of whales was 
dependent upon year (evidenced by the interaction in M2), and dropped in 2014.   
Temporal variables: The number of groups detected acoustically decreased with 
increasing Julian day in all models (M1, M2, and M3; Table 3.4; Figure 3.11.a, Figure 
3.12.a, Figure 3.13.a). The number detected was associated with year only in the 
global and humpback whale models, showing decreasing numbers with increasing 
year (M1 and M2, respectively; Table 3.4; Figure 3.11.b, Figure 3.12.b). The 
difference in species is further corroborated by the interaction between species and 
year in the global model (M1). On the shortest time scale, there were no significant 
differences in the number of vocalising groups between AM and PM periods for 
humpbacks, but AM/PM was a significant parameter in the blue whale model (M3, 
Figure 3.13.c). 
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Table 3.3.  Best GEE sub-models for predicting the vocalisation rate of baleen whales based on conditions measured at the study site in Geographe Bay.  
Model Species Response Variable metric  Best Model 
M1 Combined Number of vocalising whale 
groups  
𝑙𝑜𝑔{𝐸(𝑌𝑖𝑗)} = 𝛽0 + 𝛽1𝑆𝑝𝑒𝑐𝑖𝑒𝑠 + 𝛽2𝑆𝑜𝑢𝑛𝑑𝑇𝑦𝑝𝑒 + 𝛽3𝑌𝑒𝑎𝑟 + 𝛽4𝐽𝑢𝑙𝑖𝑎𝑛𝐷𝑎𝑦 + 𝛽5𝑆𝑝𝑒𝑐𝑖𝑒𝑠 ∗ 𝑌𝑒𝑎𝑟 + 𝛽6𝑆𝑝𝑒𝑐𝑖𝑒𝑠    ∗
𝑆𝑜𝑢𝑛𝑑𝑇𝑦𝑝𝑒 +  𝑆𝑝𝑒𝑐𝑖𝑒𝑠 ∗ 𝑁𝑢𝑚𝐺𝑟𝑜𝑢𝑝𝑠𝑉𝑖𝑠𝑇𝑟𝑎𝑐𝑘𝑒𝑑  
M2 Humpback  
 
Number of vocalising whale 
groups 
𝑙𝑜𝑔{𝐸(𝑌𝑖𝑗)} = 𝛽0 + 𝛽1𝑆𝑜𝑢𝑛𝑑𝑇𝑦𝑝𝑒 + 𝛽2𝑌𝑒𝑎𝑟 + 𝛽3𝑁𝑢𝑚𝑉𝑖𝑠𝐷𝑒𝑡𝐺𝑟𝑜𝑢𝑝𝑠  + 𝛽4𝐽𝑢𝑙𝑖𝑎𝑛𝐷𝑎𝑦 + 𝛽5𝑆𝑜𝑢𝑛𝑑𝑇𝑦𝑝𝑒 ∗
𝑁𝑢𝑚𝐺𝑟𝑜𝑢𝑝𝑠𝑉𝑖𝑠𝑇𝑟𝑎𝑐𝑘𝑒𝑑 + 𝛽6𝑌𝑒𝑎𝑟 ∗ 𝑁𝑢𝑚𝐺𝑟𝑜𝑢𝑝𝑠𝑉𝑖𝑠𝑇𝑟𝑎𝑐𝑘𝑒𝑑 + 𝛽7𝐴𝑀/𝑃𝑀 ∗ 𝐶𝑙𝑜𝑢𝑑𝐶𝑜𝑣𝑒𝑟 +
𝛽8𝑠(𝐺𝑙𝑎𝑟𝑒) ∗ 𝐽𝑢𝑙𝑖𝑎𝑛𝐷𝑎𝑦* 
M3 Pygmy blue  
 
Number of vocalising whale 
groups 
𝑙𝑜𝑔{𝐸(𝑌𝑖𝑗)} = 𝛽0 + 𝛽1𝑆𝑜𝑢𝑛𝑑𝑇𝑦𝑝𝑒 + 𝛽2𝐴𝑀/𝑃𝑀 + 𝛽3𝑁𝑢𝑚𝐺𝑟𝑜𝑢𝑝𝑠𝑉𝑖𝑠𝑇𝑟𝑎𝑐𝑘𝑒𝑑 + 𝛽4𝐽𝑢𝑙𝑖𝑎𝑛𝐷𝑎𝑦 + 𝛽5𝑆𝑜𝑢𝑛𝑑𝑇𝑦𝑝𝑒 ∗ 𝐴𝑀/𝑃𝑀 
  
79 
Table 3.4. Summary of biological, behavioural, temporal, anthropogenic, and environmental conditions influencing the vocalisation rate at the study site 
in Geographe Bay based on best fit GEE sub-models.  
Global Model (M1) Species-Specific Models (Humpback Whale = M2, Pygmy Blue Whale = M3) 
Conditions Terms M1 Conditions Terms M2 M3 
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Biological 
Species 
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Biological Num. groups visually tracked 
Num. groups visually tracked Behavioural Sound type 
Behavioural Sound type 
Temporal 
Year 
Temporal 
Year Julian day 
Julian day AM/PM 
AM/PM Anthropogenic Vessel presence 
Anthropogenic Vessel presence 
Environmental 
Beaufort 
Environmental 
Beaufort Glare 
Glare Cloud cover 
Cloud cover 
In
te
ra
c
ti
o
n
s
 
Biological * Behavioural Num. groups visually tracked * Sound type 
In
te
ra
c
ti
o
n
s
 
Biological * Biological 
Species * Num. groups 
visually tracked 
Biological * Temporal 
Num. groups visually tracked * Year 
Biological * Behavioural Species * Sound type Num. groups visually tracked * AM/PM 
Biological * Temporal 
Species * AM/PM Num. groups visually tracked * Julian day 
Species * Year 
Behavioural * Temporal 
Sound type * AM/PM 
Species * Julian day Sound type * Year 
Biological * Anthropogenic Species * Vessel presence Sound type * Julian day 
Biological * Environmental 
Species * Beaufort Behavioural * Anthropogenic Sound type * Vessel presence 
Species * Cloud cover 
Behavioural * Environmental 
Sound type * Beaufort 
Species * Glare Sound type * Cloud cover 
Significant in model  
No significant in model 
Not included in model* 
* Terms not included were those
with sufficiently low sample size or
under-dispersion for the model to
converge.
Sound type * Glare 
Temporal * Anthropogenic 
Julian day * Vessel presence 
AM/PM * Vessel presence 
Year * Vessel presence 
Temporal * Environmental 
AM/PM * Beaufort 
AM/PM * Cloud cover 
AM/PM * Glare 
Julian day * Beaufort 
Julian day * Cloud cover 
Julian day * Glare 
Temporal*Temporal 
Year * AM/PM 
Julian Day * AM/PM 
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          a. 
 
              b. 
 
c. 
 
d.  
 
Figure 3.11. Partial plots of significant main effects influencing the number of vocalising baleen 
whale groups in Geographe Bay for the global GEE model (M1) which includes both baleen 
whale species (BW = pygmy blue whale and HW = humpback whale). 
____________________________________________________________________ 
 
a. 
 
b. 
 
c.  
 
 
 
Figure 3.12. Partial plots of significant variables influencing the number of vocalising 
humpback whale groups in Geographe Bay based on GEE model (M2). 
____________________________________________________________________ 
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c. 
Figure 3.13. Partial plots of significant variables influencing the number of pygmy blue whale 
groups vocalising in Geographe Bay based on the GEE model (M3). 
____________________________________________________________________ 
3.4. Discussion 
3.4.1. Baleen whale vocalisation rates in relation to species and their 
population size 
The vocalisation rate of baleen whales in Geographe Bay was different between 
species, with humpback whale groups vocalising at a much higher rate than pygmy 
blue whales. The disproportional vocalisation rates were likely linked to the large 
differences in the species’ population sizes. The humpback whale population that 
migrates along the coast of Western Australia (Breeding Group D) was estimated to 
be between 26,000 and 31,000 individuals in 2008 (Hedley et al. 2011; Salgado Kent, 
Jenner et al. 2012) and increasing at ~11% per year (Salgado Kent, Jenner et al. 
2012); while the population size of pygmy blue whales was estimated to be between 
712 and 1,754 individuals between years 2000 - 2005 (Jenner et al. 2008) with an 
unknown trend (International Whaling Commission 2018). In addition, within 
Geographe Bay, the number of humpback whales recorded from visual observations 
seasonally (to the time of writing this paper) by a land-based volunteer community 
program (part of ‘SouWEST’; souwest.org) has consistently far outnumbered blue 
whales sighted (Burton, pers. comm.). Also, the simultaneous visual observations in 
this study indicated that humpback whales were sighted approximately ten times more 
often than pygmy blue whales. These observations provide strong evidence for there 
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being a larger number of humpback whale groups available to vocalise than pygmy 
blue whale groups in Geographe Bay during this study.  
When comparing with other areas, including breeding grounds in Angola (Cerchio et 
al. 2014), the British Isles (Charif, Clapham & Clark 2001), Hawaii (Helweg & Herman 
1994) and Brazil (Sousa-Lima & Clark 2008), a similar number of vocalising 
humpback whales per hour were reported here. Considering that vocalisation rates 
are usually higher on breeding grounds than along the migratory path, a lower rate 
was expected in Geographe Bay. This high rate may also be explained by the larger 
population size off Western Australia. All other humpback whale populations were 
estimated at less than 20,000 individuals in 2007 (International Whaling Commission 
2018).   
 
In comparison, the average vocalisation rate per sample was low for pygmy blue 
whales. Although there are no comparative studies between humpback and blue 
whales, previous reports have also estimated a low blue whale vocalisation rates in 
areas of the North Atlantic (Boisseau et al. 2008) and the North Pacific (Stafford et al. 
2009). Despite this, the number of individuals vocalising was greater in the North 
Pacific with 2.06 animals per hour (Oleson, Calambokidis, Barlow, et al. 2007) than 
in Geographe Bay (with 0.5 vocalising groups per 13 or 23 minutes). The disparity 
between locations could be related to differences in the population sizes, but the 
estimates for any of the populations are highly uncertain and comparisons cannot be 
made (Branch 2007; Branch et al. 2007; McCauley & Jenner 2010, International 
Whaling Commission 2018).  Alternatively, differences could be due to different 
subspecies occupying the study sites. Blue whales in the North Atlantic and North 
Pacific are Balaenoptera musculus musculus, while those travelling through 
Geographe Bay are Balaenoptera musculus brevicauda.  
 
While vocalisation rates and numbers of visually tracked groups were consistent in 
that they were both high for humpbacks and low for pygmy blue whales, within 
species, the vocalisation rate was highly significant for the interaction between the 
number of visually tracked groups and sound type. For humpback whales the number 
of visually tracked whales was more strongly associated with non-song than song 
vocalisation rates. This result may be because non-song sounds can be produced by 
all whales with varied levels of visual detectability (Félix 2004; Stimpert et al. 2012), 
while song is only produced by males within the population. Furthermore, singers are 
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often more difficult to detect visually because they can spend long periods of time 
submerged underwater.  
In other studies, low correlations between the number of groups acoustically active 
and visually tracked have been reported (e.g. Helweg & Herman 1994; Cato et al. 
2001; Kimura et al. 2009; Dunlop 2016). Previous studies have associated either song 
or non-song rates with visually detected groups; but have not combined both sound 
types. Consequently, these studies have related vocalisation rates of specific cohorts 
with numbers of all whales visually tracked, which could have resulted in a reduced 
correlation.  
In contrast to humpback whales, pygmy blue whale vocalisation rates were negatively 
correlated with visually tracked groups. This result is likely due to the overall low 
number of vocalisations in samples. Previous studies found a high correlation 
between the number of blue whale groups observed and those acoustically detected 
especially for non-song sounds (Oleson, Calambokidis, Barlow et al. 2007) and in 
some studies, the number of singers was higher than the number of whales visually 
observed (Širović et al. 2004). In the latter study, the recorders were located at more 
than 100 m depth, and so the difference between acoustic and visual observations 
could be attributed to the larger acoustic than visual detection range. In this study, the 
areas were the same, thus results here may not be comparable with those of other 
studies.  
3.4.2. Baleen whales vocalisation rates of song and non-song sounds 
While the number of whales available to vocalise was likely the most important factor 
influencing vocalisation rates, differences in vocal behaviour between species also 
had an important role in observed variability. While some species of baleen whales 
have been reported to be more vocally active than others (Edds-Walton 1997) and 
use a variety of acoustical signals for communication (Sayigh 2014), vocal activity in 
any species depends upon behavioural context and communication strategies 
needed in specific situations and/or habitats.  
In general, many animal species use sound for different activities including social 
interactions, communication, feeding or reproduction (Fichtel & Manser 2010). 
Because baleen whales migrate long distances, their acoustical behaviour is 
explained by a combination of habitat, behavioural and social contexts (e.g. ‘breeding 
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grounds’ where reproduction occurs, ‘migratory routes’ for travelling, and ‘feeding 
grounds’ for foraging, etc.). In this sense, almost all the available information is from 
either feeding or breeding grounds but there is not much knowledge about 
vocalisation rates and acoustic behaviour of baleen whales for transit areas such as 
Geographe Bay. Overall, sound type produced (whether song or non-song) varied 
widely between the species travelling through Geographe Bay; with higher rates of 
song observed for humpback whales when compared to those of pygmy blue whales. 
Considering that the habitat use for both species is similar, the differences observed 
in the rates may be explained by differences in the specific function of the sounds for 
each species.  
 
Across many taxa, song has been associated with reproduction (Winn et al. 1973; 
Tyack 1981; Frankel et al. 1995) and intersexual and intrasexual advertisement 
(Watkins et al. 1981; Croll et al. 2002; Darling et al. 2006; McDonald et al. 2006; Smith 
et al. 2008). For example, in yellowthroats (Geothlypis trichas), song appears to be 
used mainly as advertisement of male territory and spacing (Bolus 2013); while for 
passerine birds, it is used for male-male advertising and male-female attraction 
(Sasahara et al. 2012). For humpback whales, song function has been associated 
with male advertising, female attraction as well as spacing (Seger et al. 2016; Noad 
et al. 2017), and is commonly vocalised on breeding grounds and at a lower rate on 
feeding grounds and during migration (Clark & Clapham 2004; Stimpert et al. 2012; 
Stanistreet et al. 2013).  
 
Because there is no information on song vocalisation rates for the species on breeding 
grounds of Western Australia, it is not possible to define whether this stock follows 
the same pattern reported for other populations. However, in terms of function and, 
considering that the data was collected during the end of the southern migration, it is 
possible that humpback whales are using song to attract female, a last chance to 
mate before the end of the season, but also for spacing (home range establishment) 
and intrasexual advertising. Spatial separation between singers is important because 
it creates an ‘acoustic’ territory that potentially limits the male-male interaction, 
advertise the presence to others and maintain their access to females by reducing 
interference (Herman 2017). This is further supported by visual observations. 
Although humpback whale song is sung mostly by solitary animals (Payne et al. 1983; 
Frankel et al. 1995; Darling et al. 2006), singers can also escort females with calves 
probably to increase their reproductive success (Smith et al. 2008).  In Geographe 
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Bay, groups formed by mother-calf and one additional adult (potential singer) were 
relatively uncommon (unpublished data).  
In contrast to humpback whales, the song rate of pygmy blue whales was very low. 
Studies on blue whales suggested that song is used for reproductive purposes 
(Oleson, Wiggins & Hildebrand 2007) but as for most baleen whale species, there is 
still debate on whether song has an intersexual or intrasexual function, or a 
combination of both (Sayigh 2014). The low rate of song observed in Geographe Bay 
confirms that the area may not be used for reproduction and its low rate may be 
related to population density. Studies in terrestrial species showed that individual 
home ranges are reduced under increasing population density but individuals have a 
threshold to limit the contact among neighbours (Sanchez & Hudgens 2015). Under 
this scenario, song may act as a signal to advertise the presence of an individual, to 
define home range and to reduce male-male interactions. Because the population 
density of pygmy blue whales is low, it is possible that there are insufficient whales in 
the bay to require continuous singing for spacing purposes. Whether pygmy blue 
whale song is used for spacing or serves an alternative purpose cannot be established 
with the available data.    
In comparison to song, non-song vocalisation rates were low for humpback whales 
and high for pygmy blue whales. Non-song sounds have been associated with 
feeding, foraging and social interactions (Tyack 1983; Mobley et al. 1988; Dunlop et 
al. 2008; Parks et al. 2011; Delarue et al. 2013). In the case of humpback whales, 
non-song sounds are vocalised by females, males, mother-calf and groups of adults 
(Dunlop et al. 2008; Zoidis et al. 2008). Thus, the likelihood of recording non-song 
sounds will be expected to be greater if a larger number of mother-calf pairs or adult 
groups are present. However, these group types often do not vocalise (Silber 1986) 
or vocalise less (Dunlop et al. 2008) than other group types and for shorter periods of 
time (Dunlop et al. 2008; Zoidis et al. 2008). Therefore, large numbers of mother-calf 
groups do not guarantee a higher non-song vocalisation rate, but perhaps increase 
the likelihood of at least one vocaliser being present.  
Lower non-song rates are consistent with a cryptic and cohesive strategy reported for 
other cetaceans (e.g. right whales and porpoises) in transit. In these strategies, 
groups (mother-calf pairs in particular) only vocalise when the group is separated, 
vocalising then ceases after the group reunites (Norris et al. 1977; Parks et al. 2011). 
In this study, the low humpback whale non-song vocalisation rate may indicate that 
86 
 
non-singing cohorts may follow this communication strategy to avoid predators similar 
to porpoises (Sayigh 2014) or terrestrial species like nocturnal monkeys (Bearder 
2007). This explanation may be logical for Geographe Bay, as predators (e.g. white 
sharks, Carcharodon carcharias, or killer whales, Orcinus orca), are more likely to be 
observed during spring and early summer (McCauley et al. 2017), which coincides 
with the time of baleen whales migration. However, no predatory or interaction events 
have been reported for the species in the region in recent decades. Alternatively, it 
may be that mother-calf humpback pairs travelling through Geographe Bay limit their 
communication to avoid unwanted attention from male humpback whales. 
The following non-song vocalisation rates have been reported for humpback whales: 
1.05 whale-1 min-1 in migratory areas off the east coast of Australia (Dunlop et al. 
2008), 43.1 vocalisations whale-1 hr-1 (± 55.52) on breeding grounds of Hawaii (Silber 
1986), and 109 (65%) vocalising groups from a sample of 165 observed in Hawaii 
(Zoidis et al. 2008). The results of this study are lower than those reported in the 
literature. However, Dunlop et al. 2008 and Silber 1986 estimated the rates 
considering only the groups that were vocalising instead of considering all the groups 
present in the area (vocalising and not vocalising), as done in this study. Therefore, 
the differences between the rates reported here and those of other studies may be a 
representation of the differences in the dataset chosen for the analysis. Variances in 
the behavioural context and cohorts present in the areas (breeding grounds in Hawaii 
and migratory corridor during the peak period off eastern Australia), may also explain 
the higher rates in other studies. Previous research has found that groups with 
multiple adults have a higher non-song rate than mother-calf groups (Silber 1986; 
Dunlop et al. 2008). In Geographe Bay, the number of multiple adults was lower than 
that of mother-calf groups, which may also contribute to the lower non-song rate in 
Geographe Bay than in other migratory areas.   
 
In contrast to humpback whales, pygmy blue whales had a greater non-song than 
song rate. Research on blue whales in the North Pacific found that certain calls were 
more frequent than others and had little variability within a season (Stafford et al. 
2009). Other studies have also suggested that the ‘D’ call (a non-song sound similar 
to the ‘downsweep’ reported in Chapter 2) is vocalised by all individuals of the 
population and may be used during migration and foraging (Oleson, Wiggins & 
Hildebrand 2007). Geographe Bay is a transit area for the eastern Indian Ocean 
pygmy blue whale population (Salgado Kent et al. 2014), so the dominance of non-
song calls (the ‘downsweep’ in particular), supports the use of these sounds during 
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migration. The results obtained here also support the use of non-song sounds for 
communication or socialising reported for other species. For example, bottlenose 
dolphins can be highly vocally active while socializing and fin whales increase their 
vocal rate while travelling to be able to communicate over longer distances (Watkins 
1981; Edds-Walton 1997).  
 
Other researchers reported that blue whales are less likely to vocalise non-song 
sounds when whales are low in density and individuals are isolated (Boisseau et al. 
2008). This study does not support this statement because many of the tracked 
groups were singletons. Although the inclusion of group type in the analysis may 
provide clarification on which group type had a higher rate, this was not included 
because it was not always possible to match vocalisation with group tracked (e.g. 
multiple groups observed simultaneously). However, the ‘downsweep’ rate increased 
when two or more groups of pygmy blue whales were concurrently tracked (Recalde 
Salas et al. 2014). This suggests that group density influences vocalisation rates per 
group. 
 
Another explanation for the high non-song rate in pygmy blue whales may be 
predation.  Previous studies have found that fin and beaked whales increase the vocal 
rate as an antipredator strategy (Aguilar de Soto et al. 2012; Delarue et al. 2013). As 
previously mentioned, natural predators of baleen whales (white sharks and killer 
whales) are sighted in the area at the time of baleen whale migration. Then, pygmy 
blue whales may use a similar strategy as fin and beaked whales to avoid predators. 
Additional studies are needed to understand the associated behaviour of non-song 
sound vocalisation of pygmy blue whales in the area.   
 
It is important to note that this study did not aim to determine the function of humpback 
and blue whale song and non-song sounds. Further research is needed to verify the 
hypotheses proposed here for each species, which would benefit from a combination 
of acoustical tracking and visual observations. Finally, regardless of the function of 
different sound types, the fact that song is repeated over long periods of time relative 
to non-song sounds means that singers will likely have a higher probability of being 
acoustically detected than those vocalising non-song sounds. These differences in 
detectability may have resulted in biases in song and non-song vocalisation rates 
documented in this study. 
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3.4.3. Temporal patterns in vocalisation rates  
 
Other key factors influencing vocalisation rates were year, Julian day, and time of day 
(morning or afternoon). Rates for both species depended upon Julian day, the rates 
in the morning and afternoon varied only for pygmy blue whales and variation among 
years was only observed for humpback whales. 
Inter-seasonal variation (across years) in vocalisation rates of migratory species can 
reflect changes in distribution of animals in a region or the variability in the timing of 
the peak in migration (e.g. Helweg & Herman 1994; Norris et al. 1999; Charif et al 
2001; Munger et al. 2008; Oleson, Calambokidis, Burgess et al. 2008; Morano et al. 
2012; Gavrilov & McCauley 2013; Monnahan et al. 2014; Bort et al. 2015). The 
population cohorts migrating past a location will also influence the numbers of animals 
acoustically detected. For humpback whales, the order of migration from breeding to 
feeding grounds has been reported as: first the departure of juveniles from breeding 
grounds, followed by males and females without calves, and lastly by females with 
calves (Craig et al. 2003).  Consequently, male singers will become less numerous 
as the migratory season progresses. Instead, females and calves will become 
increasingly available for detection towards the end of the season. Any shifts in the 
timing of migration of the different cohorts will affect the vocalisation rates of different 
sound types measured in a restricted sampling period (e.g. less song if there are fewer 
singers in the area).  
 
For pygmy blue whales, there were no significant yearly effects. However, this was 
most likely due to the high variability and relatively low numbers of detections for the 
species. Studies in Australia and specifically Cape Leeuwin in the southwestern 
region of Western Australia reported changes in the number of blue whale 
vocalisations among seasons (Gavrilov & McCauley 2013; Tripovich et al. 2015). 
Similarly, variability in vocalisations among years was reported in the North Pacific 
(Stafford et al. 2009; Samaran et al. 2013; Shabangu et al. 2017). The difference 
between the results presented here and those from previous studies may be 
explained by the type of acoustical cue used in the analysis. Some studies reporting 
variation in the peak of migration based the analysis only on the song (e.g. Stafford 
et al. 2009; Gavrilov & McCauley 2013). However, because the song is generally 
vocalised by males (McDonald et al. 2006) the difference in the number of singers 
among years reflects differences in the number of males passing through the area but 
it does not necessary imply changes in the population. The use of all the available 
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cues may explain the differences compared to other studies as by including all sound 
types all available individuals and not a specific gender or cohort will be counted.  
This timing of migration of the different cohorts described above can also influence 
the intraseasonal variability of vocalisation rate. In this study, Julian day was one of 
the most significant factors influencing vocalisation rates, indicating a decline as the 
season progressed towards December. The results of this study are similar to those 
reported for blue whales in the North Pacific (Stafford et al. 2009; Samaran et al. 2013; 
Shabangu et al. 2017) and match the reported trend in numbers migrating through 
Geographe Bay with peaks in September/October for humpback whales and 
November for pygmy blue whales, and a steady decline over November - December 
(Burton, pers. comm.; Salgado Kent, Gavrilov et al. 2012; Salgado Kent et al. 2014). 
However, the results of this study contrast with studies for humpback whales in 
eastern Australia where the number of whales detected visually and acoustically did 
not vary within the same season (Noad et al. 2017). The length of the field season 
may explain the differences between this study and the results from eastern Australia. 
While this study analysed data from the peak to the end of the southern migration, the 
study by Noad et al. (2017) sampled the peak of southern migration and short periods 
before and after.    
Time of day (diel pattern) is another temporal factor that influences the vocalisation 
rates of some species including humpback and pygmy blue whales. Diel patterns for 
humpback whales have been reported to vary among breeding grounds. For example, 
a higher vocalisation rate was observed at night in Mexico (Cholewiak 2008) but no 
diurnal pattern was reported in Massachusetts (Clark & Clapham 2004) and some of 
the Hawaiian Islands (Helweg & Herman 1994). This study did not find differences 
between morning and afternoon. 24-hr cycles, however, were not assessed and this 
study did not include night-time. It is recommended that future studies include night-
time samples to obtain a better understanding of the diel pattern of the species in the 
area.  
In contrast to humpback whales, pygmy blue whales showed a higher vocalisation 
rate of non-song sounds in the morning, although, the effect was weak and with large 
confidence intervals. The results are opposite to those of other studies that found 
more calls from midday to early evening (Tripovich et al. 2015), more singing activity 
during dawn and night (Stafford et al. 2005; Wiggins et al. 2005; Gavrilov & McCauley 
2013) or higher rates of ‘D’ calls during sunset and dusk (Wiggins et al. 2005; Oleson, 
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Oleson, Calambokidis, Barlow, et al. 2007; Calambokidis, Burgess, et al. 2007; 
Melcón et al. 2012). In general, these patterns have been linked to changes in 
environmental conditions (Shabangu et al. 2017) and food availability or distribution 
(Stafford et al. 2005; Wiggins et al. 2005; Oleson, Wiggins & Hildebrand. 2007). The 
diel pattern observed in Geographe Bay is unlikely explained by food availability. 
While some foraging locations are relatively close to the study area (e.g. Perth 
Canyon; Double et al. 2014), feeding or foraging behaviour has not been observed in 
Geographe Bay. In addition, it is unlikely that the species would feed in Geographe 
Bay due to its low productivity (Pattiaratchi 2007). The effects observed in this study 
are most likely due to the relatively few vocalisations detected and communication 
strategies previously discussed. 
 
3.4.4. Vocalisation rates in association with anthropogenic and environmental 
conditions  
 
Anthropogenic noise can mask animal sounds when frequency ranges of both 
sources overlap (Erbe et al. 2016). In response, animals may stop vocalising, increase 
their repetition rate (McKenna 2011; Picciulin et al. 2012; Helble 2013) or change their 
diel patterns (Fuller et al. 2007).  Noise can also affect the detectability of vocalisations 
when they are masked by anthropogenic noise and result in false negative 
observations. For example, ‘D’ calls were reported to be masked by loud infrasounds 
and detections improved under low noise conditions (Simard et al. 2008). With this 
evidence, some variation was expected in baleen whale vocalisation rates when 
vessel noise was present. However, the presence of this anthropogenic noise source 
did not affect the vocalisation rates of humpback and pygmy blue whales.  
 
Findings in this study differ from studies with blue whales in Southern California 
(Melcón et al. 2012), humpback whales in Alaska (Doyle et al. 2008), beluga whales 
in Canada (Lesage et al. 1999) and brown meagre in the Mediterranean (Picciulin et 
al. 2012) all of which found an increase in the vocalisation rates. The differences 
between studies may be explained by differences in the level of information collected 
in the study or the amount of vessel traffic. In terms of level, previous research used 
individual vocal rates to evaluate the impact of noise on vocalisation rate, here we 
used number of groups and a population approach. Whether there are changes in 
individual vocalisation rate needs to be further evaluated. The present study is 
however, comparable in level of study (e.g. group level) to the research undertaken 
by Sousa-Lima et al. (2008) in Brazil. They reported a contrasting result to the present 
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study in that a decrease in the number of groups (singers) was observed with an 
increase in vessel activity (Sousa-Lima et al. 2008). The differences in the results may 
be related to variations in the vessel activity between areas or differences in the 
analytical methods. While the study in Brazil considered the number of vessel events, 
here we used presence/absence of vessels which may explain the different results 
obtained. It is also important to consider that in Geographe Bay, whales are exposed 
to few recreational vessels for a short period of time (less than a minute) while in other 
areas the exposure might be longer and more intense. These differences should be 
considered when evaluating the impact of noise and comparing sites. The inclusion 
of vessel events as well as presence is recommended for future studies focusing on 
impact of vessel noise on vocalisation rates.  
 
It is also possible that the impact of vessel noise on whales is related to the acoustical 
characteristics of the vocalisations instead of changes in vocal rates. For instance, 
individuals may have increased source levels of sounds or changed the frequencies 
used to compensate for vessel noise as reported for right whales in Massachusetts 
(Parks et al. 2011). Alternative behavioural responses and their implications for 
management need to be investigated to better understand impacts of noise on baleen 
whales in the area.   
 
Ambient noise can also influence the behaviour of marine species. In general, oceans 
are very variable in ambient noise levels and species may naturally develop strategies 
to adapt to changes. Environmental conditions such as wind and current patterns 
have been linked to whale presence (e.g. Woodley & Gaskin 1996, Etnoyer et al. 
2006, Doniol-Valcroze et al. 2007), and ambient noise can affect their acoustic 
behaviour (Dunlop et al. 2010). In this study wind-related environmental conditions, 
such as Beaufort, were not associated with the number of vocalizing whale groups. 
These results are similar to those observed in humpback whales off the east coast of 
Australia where non-song vocalisation rates did not change under different levels of 
ambient noise (Dunlop et al. 2010). However, other studies have suggested that high 
levels of wind increase the vocalisation rate in birds (Propped & Finch 2017) and 
humpback whales switch from underwater vocalisations to surface activity behaviours 
such as breaches or tail slaps (Dunlop et al. 2010).  
 
While the main effects of environmental conditions were not significant in this study, 
interactions between glare-year, and cloud cover-AM/PM were unexpected significant 
effects. These were minor, however, and only occurred for the specific combinations 
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of variables. To the best of the author’s knowledge, there is no information available 
on these factors influencing vocal behaviour for any species. The most likely 
explanation is of a statistical nature and related to data collection.  
 
Finally, in other studies, the most common environmental predictors influencing 
vocalisation rates in pygmy blue whales were sea surface temperature and 
productivity (Stafford et al. 2009; Shabangu et al. 2017). These conditions were not 
included in this study because the data available for the area were not on a similar 
temporal scale as the data collected. Future studies that include sea surface 
temperature in migratory corridors are recommended as its association with these 
habitats is poorly understood. 
 
3.4.5. Model considerations and additional research 
The data used in this chapter was limited by the absence of an acoustical array that 
would allow to track vocalising groups and match them with the one tracked visually. 
Therefore, a set of assumptions had to be made in order to combine both datasets. 
In consequence, some biases may impact the results.  
One of the main assumptions when counting the number of groups vocalising is that 
all groups will have different SNR and this difference will allow us to differentiate them. 
Although for the majority of the data this was the case, there is the possibility of 
underestimating the number of groups when more than one are in the area of 
influence at a particular time. This is particularly important for humpback whale groups 
vocalising non-song sounds.  In breeding grounds, mother-calf groups can be very 
vocally active, particularly when travelling alone (Zoidis et al. 2008). Considering that 
the most common group type in Geographe Bay is mother–calf and they usually are 
not escorted by other adult whales, it is possible that the vocal rate for non-song 
sounds is higher than reported here. Propagation models for the area suggest a range 
of approximately 3 km2 for a high SNR, therefore, it is possible that the number of 
humpback whale groups vocalising non-song sounds is underestimated as more than 
two groups might produce sounds with SNRs at the same time. However, considering 
that groups will arrive and depart the area at different times and travel at different 
speeds (unpublished data), it is likely that most groups may be counted at least once. 
The differences in time of arrival and departure as well as speed of travel of each 
group, will reduce the likelihood of having similar SNR values, reducing but not 
eliminating the likelihood of missing vocalising groups in the counts.  Acoustical 
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tracking is recommended to improve the estimation of vocal rates and to determine 
whether multiple mother-calf groups vocalise at the same time in the area.  
This is not the case for blue whales though. Visual observations show that one group 
of pygmy blue whale is seen in the area at the time and in the rare occasion that more 
than one group is present the distance between groups is sufficiently large to yield 
different SNR values. Furthermore, the matching between visual and acoustical count 
for this species was above 90%. Therefore, the likelihood of underestimating the 
number of vocalising groups is low for this species. In addition, acoustic propagation 
models for the area (Salgado-Kent et al. 2012) suggests that the SNR of pygmy blue 
whale vocalisations will significantly decrease within 1 km from the logger, therefore, 
groups with different SNR should be in an area of 2 km2 at the same time to have 
similar SNR values which is very rare for the species.  
Another consideration of the study is the variation in vocal rates between different 
group types (i.e. mother-calf, competitive groups, singers). Previous studies have 
suggested an increase in the vocalisation rates for groups with multiple adults or when 
there is surface activity (Silber 1986). These behavioural components may influence 
the likelihood of identifying more vocally active groups (e.g. competitive groups) over 
quieter groups (e.g. mother-calf). Therefore, it is suggested to study how vocalisations 
rates vary between different group types and to include this variability in further 
modelling.  
3.5. Conclusions 
A combination of biological, temporal and behavioural parameters including species, 
sound type, year, and season explain the variability in the vocalisation rate of baleen 
whales. This study points to the following associated population attributes as the most 
important drivers: the presence of animals, the demographic cohorts of whales 
present, and the behavioural and social contexts of their vocalisations. These 
attributes will affect: (i) whether the animals are available to vocalise; (ii) whether they 
will vocalise (given they are available), and (iii) the sound type produced (given they 
are available and vocalise). 
Differences in the non-song vocalisation rate between species can be related to 
specific communication strategies for each species, humpback whales may follow a 
more cryptic pattern and pygmy blue whales a more vocally active. Differences for 
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song rate on the other hand may be more related to differences in the reproductive 
strategy for each species.  
 
The findings of this study suggest that in Geographe Bay, vocalisation rate can be 
used for long-term monitoring of the presence and migratory timing of the proportion 
of the population that visit the bay. Monitoring of all sound types including song and 
non-song sounds is highly recommended to increase detections. The use of song and 
non-song acoustical cues will limit biases associated with cohort and group-level 
vocal behaviour. Moreover, by monitoring all sound types, a good understanding of 
the acoustical ecology of baleen whales is achieved.  
 
3.6. Supplementary material  
 
3.6.1. Summary of GEE Model 1 (M1) and P values 
 
Table 3.5. Model 1 (M1) outputs; including parameter estimates, standard errors (Std. Err), Wald 
estimates (W), and P-values (PR (>|W|)). M1 = Generalized Estimating Equations (GEE) with 
response metric = number of groups calling, both baleen whale species included. 
Term Estimate Std Err Wald PR(>|W|) 
(Intercept) 21.21 4.12 26.52  2.6e-07 *** 
Species (HW) 1.56 0.36 18.52  1.7e-05 *** 
Sound type song -1.28 0.40 10.13 0.0014  ** 
Year 2011 1.43 0.40 12.63  0.0003  *** 
Year 2013 0.42 0.57 0.55     0.4580 
Year 2014 0.76 0.45 2.83     0.0922   
Julian day -0.07 0.01 31.40   2.1e-08 *** 
Species * Sound type song 2.97 0.41 50.70   1.1e-12 *** 
Species * Year. 2011 -1.81 0.40 20.62   5.6e-06 *** 
Species * Year.2013 -1.11 0.47 5.38 0.0203  * 
Species * Year.2014 -2.97 0.53 20.15   7.2e-06 *** 
Species * Num. groups visually tracked (BW) 0.57 0.13 18.41   1.8e-05 *** 
Species * Num. groups visually tracked (HW) 0.08 0.02 11.39   0.0007  *** 
Estimated Scale Parameters (Intercept) 0.98 0.31   
Estimated Correlation Parameters (Alpha) -0.03 0.02   
Significance codes:  *** = < 0.001, ** = < 0.01, * = <0.05,  = <0.1  
 
Table 3.6. Summary of P values for the best model explaining the number of vocally active 
groups in Geographe Bay. P-values were estimated using likelihood methods. 
Variable P value 
Species <0.0001 
Sound type <0.0001 
Year <0.0001 
Julian day <0.0001 
Species * Sound type <0.0001  
Species * Year <0.0001 
Species* Num. groups visually tracked <0.0001 
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3.6.2. Summary of GEE Model 2 (M2) and Model 3 (M3) and P values 
 
Table 3.7. Model 2 (M2) outputs; including parameter estimates, standard errors (Std Err), Wald 
estimates (W), and P-values (PR (>|W|)). M1 = Generalized Estimating Equations (GEE) with 
response metric = number of groups vocalising, humpback whales included only. 
Term Estimate Std Err Wald PR(>|W|) 
(Intercept) 15.520 3.50 19.62 9.5e-06  *** 
Sound type song 2.862 0.32 76.10 <2 e-16  *** 
Year 2011 0.388 0.34 1.24      0.265 
Year 2013 0.645 0.32 3.93  0.047    * 
Year 2014 1.284 0.35 13.41  <0.001 *** 
Num. groups visually tracked 0.262 0.05 19.40 1.1e-05 *** 
Julian day -0.054 0.01 24.34 8.1e-07 *** 
Sound type song * Year 2011  -0.769 0.36 4.41 0.035    * 
Sound type song * Year 2013 -1.389 0.37 13.63    <0.001 *** 
Sound type song * Year 2014 -2.670 0.51 27.21   1.8e-07 *** 
Sound type song * Num. groups visually 
tracked 
-0.219 0.06 12.15   <0.001 *** 
Year 2011 * Num. groups visually tracked -0.068 0.05 1.42      0.233 
Year 2013 * Num. groups visually tracked -0.003 0.04 0.00      0.949 
Year 2014 * Num. groups visually tracked -0.470 0.13 11.40   <0.001 *** 
Morning/Afternoon (AM) * Cloud cover -0.071 0.02 9.96 0.001 ** 
Morning/Afternoon (PM) * Cloud cover -0.003 0.02 0.02      0.898 
Julian day * Glare (spline – 1 knot) 0.001 0.00 12.63   <0.01  ** 
Julian day * Glare (spline – 2 knots) -0.000 0.00 1.47       0.225 
Julian day * Glare (spline – 3 knots)  0.000 0.00 1.07       0.229 
Estimated Scale Parameters (Intercept)      0.71       0.08   
Estimated Correlation Parameters (Alpha)     -0.18       0.05   
Significance codes:  *** = < 0.001, ** = < 0.01, * = <0.05,  = <0.1  
 
Table 3.8. Model 3 (M3) outputs; including parameter estimates, standard errors (Std Err), Wald 
estimates (W), and P-values (PR (>|W|)). M1 = Generalized Estimating Equations (GEE) with 
response metric = number of groups vocalising, pygmy blue whales included only. 
Term Estimate Std Err Wald PR(>|W|) 
(Intercept) 13.12 3.82 11.74 0.0006   *** 
Sound type song -0.63 0.38 2.73 0.0984    
(AM/PM) PM  0.12 0.17 0.48 0.4903     
Num. groups visually tracked -0.34 0.15 4.63   0.0314   * 
Julian day -0.04 0.01 11.87 0.0005  *** 
Sound type song * (AM/PM) PM -2.15 0.64 11.33 0.0007  *** 
Estimated Scale Parameters (Intercept)  0.75 0.44   
Estimated Correlation Parameters (Alpha) -0.40 0.18   
Significance codes:  *** = < 0.001, ** = < 0.01, * = <0.05,  = <0.1  
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Table 3.9.Summary of P-values for the best model explaining the number of vocalising humpback 
and pygmy blue whales modelled using a GEE framework. P-values were estimated using 
likelihood methods.  
 P values 
Term Humpback whales Pygmy blue 
whales 
Sound type <0.0001 <0.0001 
Year <0.0001 Not significant 
AM/PM Not significant 0.0039 
Num. groups visually tracked 0.0098 0.0235 
Julian day <0.0001 0.0020 
Year * Sound type <0.0001 Not significant 
Sound type * Num. Groups visually tracked  0.0004 Not included 
Sound type * AM/PM Not significant 0.0007 
Year * Num. groups visually tracked 0.0045 Not included 
AM/PM * Cloud cover 0.0049 Not significant 
Julian day * Glare (spline) 0.0048 Not significant 
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Chapter 4. 
Can sound power be used as an indicator of relative density 
of baleen whales in a migratory corridor?  
The aim of this chapter was to evaluate whether there is a relationship between sound 
levels and the numbers of visually and acoustically detected groups of humpback 
(Megaptera novaeangliae) and pygmy blue whales (Balaenoptera musculus 
brevicauda) migrating through Geographe Bay, Western Australia. Specifically, 
different sound level metrics and temporal scales were analysed. Data were analysed 
for each species independently using a Pearson correlation analysis. Correlation 
ranks were established using a Rule of Thumb. Results indicate higher correlation 
coefficients between sound levels and number of groups vocalising than between 
sound levels and number of visually tracked groups for both species. Correlations 
were greater when temporal autocorrelation and overlapping sources were included 
in the analysis. Differences between species were observed, with humpback whales 
showing higher correlation ranks than pygmy blue whales, likely because humpback 
whales are more vocal and abundant than pygmy blue whales.  
98 
 
4.1. Introduction 
 
Passive acoustic monitoring (PAM) is a common tool for the documentation, analysis 
and monitoring of underwater marine soundscapes; including sound from 
anthropogenic activities, ocean weather, and marine fauna. Consequently, with 
rapidly improving access to, affordability of, and capability of recording hardware and 
software, large amounts of sound recordings in the oceans are being acquired.  
 
Because many species of marine fauna may produce loud sounds, the information 
collected in underwater recordings includes the occurrence of different species. This 
data has been used to develop methods to estimate marine fauna relative abundance 
and density. The most common method is to count the number of vocalisations 
present in a sample (also termed cue counting), and then to adjust this value by 
individual vocalisation rate to obtain a density estimate (McDonald and Fox 1999; 
Gannon 2008; Marques et al. 2009; Marques et al. 2011; Ponce et al. 2012; Širović 
et al. 2015). Using cue counting presents limitations in that most models assume that 
all individuals have similar acoustical behaviour; thus, variability in cue rates and 
overlapping sounds produced by different individuals in recordings may result in 
biases (Gannon 2008). In addition, using vocalisations for cue counting requires a 
good understanding of the acoustical ecology and repertoire for the species of 
interest, which is not always available. Other methods involve counting the number of 
individuals or groups acoustically tracked with acoustic arrays and estimating their 
abundance with spatially explicit capture-recapture models (SECR, Dawson & Efford 
2009; Marques et al. 2013). Although this method may be more accurate, it can be 
expensive as it requires multiple underwater recorders. Because of these limitations, 
many studies have used acoustic power to obtain abundance indices of marine 
species calling in an area (Au et al. 2000; Gedamke et al. 2007; Širović et al. 2015; 
Rowell et al. 2017). This approach has been used for fish, invertebrate and marine 
mammal species (Gannon 2008; Erbe et al. 2015; Rowell et al. 2017).  
 
Because species presence patterns obtained from acoustical detections are similar 
to those of visual surveys, some authors have suggested that the power spectral 
density may be expected to increase with increasing population density (Au et al. 
2000; Gedamke et al. 2017; Širović et al. 2015; Rowell et al. 2017). Thus, power 
spectral density has been used in many studies as a proxy for relative abundance 
(Širović et al. 2004; McCauley 2012; Rowell et al. 2017). Furthermore, power spectral 
density has provided information on seasonality, residency and migration patterns for 
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different species including blue whales (Širović et al. 2004; Širović et al. 2015; Erbe 
et al. 2015), fin whales (Mellinger et al. 2014; Širović et al. 2015), humpback whales 
(Au et al. 2000; Erbe et al. 2015) and for fish aggregations (Rowell et al. 2017). While 
this is an invaluable tool for monitoring populations, the relationship between power 
spectral density (PSD) and relative abundance has had limited evaluation and its use 
for density estimation has only recently been under development (Martin et al. 2013; 
Rowell et al. 2017). Only a few studies have attempted to quantify their relationship 
(Helweg & Herman 1994; Rowell et al. 2012; Seger et al. 2016; Rowell et al. 2017), 
and there is little information on how the relationship may vary in different 
environmental or animal behavioural conditions (Gannon 2008). For example, a 
location has a constant number of whales, however, some individuals vocalise 
simultaneously at certain times or vocalise more often than others, then, a larger 
relative abundance indices might result at those times despite the same number of 
animals being present.  
 
Studies that have quantitatively correlated PSD metrics with detections from visual 
surveys have indicated that the relationship varies with species and location. For 
instance, for humpback whales (Megaptera novaeangliae) in Hawaii, a positive 
correlation was reported between PSD metrics and the number of singers per sample 
(Helweg & Herman 1994). For red hind (Epinephelus guttatus), which is a species of 
fish, a positive linear relationship was observed between densities and mean band 
levels (Rowell et al. 2012). A positive linear relationship was also observed for another 
species of fish, the Gulf corvina (Cynoscion othonopterus); but only during the peak 
of the spawning season after high tide. At other times the relationship was variable 
and not always linear (Rowell et al. 2017). These studies used signal-to-noise ratio, 
mean band levels, and sound pressure levels as metrics. By testing the relationship 
of a range of acoustic metrics with visual detections of different baleen whale species, 
performance of metrics can be tested and inform the development of more accurate 
abundance and density models. In addition, understanding the influence of potential 
biases in abundance indices resulting from different recording schedules (on-off 
recording cycle) used in passive acoustic monitoring and the presence of noise from 
other sources will help guide the development of cost-effective protocols for 
monitoring the species in future years. 
 
Here, we evaluate the relationship between sound levels and the numbers of visually 
and acoustically detected groups of humpback and pygmy blue whales (Balaenoptera 
musculus brevicauda) migrating through an embayment called Geographe Bay, in 
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southwestern Australia, during the years 2010-2011 and 2013-2014. Signal-to-noise 
ratios (SNRs) were calculated as power level differences between frequency bands 
used by whales and adjacent noise bands (Erbe et al. 2015). Correlations were then 
tested for the mean power of the signal and a range of SNR metrics including the 
mean, maximum, and 75th percentiles for different recording schedules (13.3 minutes 
every 15 minutes and 23 minutes every 30 minutes) and different temporal scales 
(mean hourly and mean ~3 hr AM and PM periods). Because vessels and blue whales 
produce signals at similar frequencies as many sounds humpback whales produce, 
correlations for humpback whales also included analyses of: (i) all recordings 
including those with vessel noise and blue whale sounds, (ii) recordings excluding 
those with vessels noise, and (iii) recordings excluding those with vessel noise and 
blue whales sounds.  
  
4.2. Methods  
 
4.2.1. Study site 
 
Geographe Bay is a relatively shallow bay of approximately 931 m2, located in the 
southern region of Western Australia approximately 220 km from Perth (Figure 4.1). 
The bay extends from Cape Naturaliste in the west to the city of Bunbury in the 
northeast. The bay’s seabed has a maximum depth of approximately 40 m, a bottom 
gradient of 2 m km-1 sloping away from the coast, and a coast that is protected from 
a south-westerly swell by Cape Naturaliste (Oldham et al. 2010). The surrounding 
region is used for forestry and agriculture and is an important tourism destination with 
water-based activities including recreational fishing and whale-watching.  
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Figure 4.1. Land-based platform and acoustic recording site located in Geographe Bay, 
southwestern Australia. 
____________________________________________________________________ 
Within this region, several baleen whale species migrate close to the coastline, 
including humpback and pygmy blue whales. Thus, Geographe Bay has ideal 
conditions to study these species. As a result, a long-term whale research program 
has been conducted in the area since 2010 and includes three simultaneous survey 
approaches: land, vessel and acoustics (Salgado Kent, Gavrilov et al. 2012; Recalde-
Salas et al. 2014; Salgado Kent et al. 2014). The surveys include the collection of 
seasonal datasets on whale ecology, behaviour, acoustics and anthropogenic 
activities (vessel traffic).  
Land-based visual surveys were carried out from Hill 50 in Meelup Regional Park (33° 
36’ 7.48’’ S and 115° 4’ 46.55’’ E), located behind Pt. Piquet with an elevation of 50 
m above Lowest Astronomical Tide (LAT). The land-based survey platform allows 
observations to be made of migrating whales and vessel transits through the bay. 
Seabed bottom-mounted acoustic recorders were deployed approximately 2 km north 
of Pt. Piquet. This study used land-based observations and acoustic recordings 
undertaken during November (just after the peak of the humpback whale and during 
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the peak of the blue whale migration) in Geographe Bay, Western Australia, during 
2010, 2011, 2013, and 2014 seasons. 
 
4.2.2. Visual observations 
 
Land-based visual observations were carried out using a theodolite GTS-603AF 
Electronic Total Station connected to a computer running the software Cyclops 
(2010–2011) or VADAR (2013-2014, Kniest, 2011). The theodolite set-up allowed 
whale groups to be tracked on a map displayed on the computer in real-time while 
travelling through the area. Observations were performed in shifts conducted daily 
between 7:30 and 17:30 with teams of three to four observers, and only during good 
weather conditions (wind <15 knots, Beaufort <5 and no rain). Information collected 
on each whale group included group size, composition (e.g. mother-calf pairs, mother-
calf-escorts, groups of adults, single individuals, etc.), behavioural state (e.g. 
travelling, resting, or milling), and sighting cue from a comprehensive ethogram with 
a range of standard surface behaviours (e.g. blow, surfacing with only the back visible, 
fluke-up dive, fluke-down dive, breach, etc.; see Salgado Kent et al. 2014). In addition, 
the presence of other marine mammals (e.g. dolphins, seals) and vessels in the study 
area, and weather conditions were also recorded.  Weather conditions included wind, 
rain, swell height and scales of Beaufort, glare and cloud cover (See chapters 3 and 
5 for detailed methodology). 
 
4.2.3. Acoustic recordings and processing 
Acoustic recorders were deployed over the entire period in which land-based visual 
surveys were conducted. Recorders were built by the Centre for Marine Science and 
Technology (CMST; McCauley et al. 2017) and deployed at depths of 29 m (2010 and 
2011), 32 m (2013) and 30 m (2014). The recorders rested on the seabed attached 
to a mooring with an acoustic release that allows easy retrieval (see McCauley et al. 
2017 for full description and schematics of mooring configurations). These systems 
were programmed to record 13 minutes every 15 minutes in 2010 and 2011 and 23 
minutes every 30 minutes in 2013 and 2014. The schedules varied because they were 
selected to fulfil the objectives of a separate study and were chosen based on battery 
duration and memory size of the recorders. Recorders were configured with a gain of 
40 dB, sample rate of either 12,000 samples/s (2010 and 2011) and 6,000 samples/s 
(2013 and 2014) and anti-aliasing filter of 6 kHz for 2010 and 2011, and 2 kHz for 
2013 and 2014. The frequency response of the system was calibrated before 
deployment and after recovery by inputting white noise of known level.  
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The calibrated time series were Fast-Fourier transformed in 1-s windows with 50% 
overlap yielding a frequency resolution of 1Hz. The resulting Power Spectral Density 
(PSD) matrices were used to .estimate band levels and undertake SNR calculations 
(see section 4.2.4). For manual counts of vocalisations, spectrograms of each sample 
were created using CHORUS (Gavrilov & Parsons 2014), a graphic user interface 
(GUI) developed in MATLAB (The MathWorks Inc.). Spectrograms were manually 
reviewed for sounds produced by pygmy blue and humpback whales. Only those 
sounds that were within an acoustical detection range of ~3 km of the recorder were 
documented. This range corresponded with signals that were easily distinguished 
from one another and could be easily attributed to different whales. Sounds produced 
within ~3 km range were identified based on the expected sound level of the signal 
based on transmission loss models previously fitted for Geographe Bay (Salgado 
Kent, Gavrilov et al. 2012). The ~3 km range was also used for visual observations of 
whales, thus detections from both sources were directly comparable (Chapter 3).  
Whale vocalisations were identified using previously published non-song and song 
catalogues (e.g. Silber 1986; Rankin et al. 2005; Oleson, Calambokidis, Burgess et 
al. 2007; Dunlop et al. 2007; Gavrilov et al. 2011; Recalde-Salas et al. 2014; Chapter 
2). In addition, humpback whale song was described for each season of the study 
(see Chapter 3 for methodology), and non-song vocalisations for both species were 
described for Geographe Bay (Recalde-Salas et al. 2014; Chapter 2). After identifying 
the type of vocalisation present within each recording, the number of groups was 
estimated per recording by manually counting overlapping signals (see Chapter 3 for 
detailed methodology). Signals from song and non-song sounds were assumed to 
belong to different groups as singers for both species have been reported to usually 
sing alone (Helweg & Herman 1994; Oleson, Calambokidis, Burgess et al. 2007). For 
humpback whale singers, the presence of different sound phrases in a recording 
combined with overlapping units was considered as an indicator of different groups 
producing the sounds (see Chapter 3 for details). The number of groups (including 
groups composed of one individual) vocalising was used as the metric in this study 
because it was not possible to distinguish between vocalising individuals within a 
group. Differences in signal-to-noise ratio between groups at different distances allow 
to attribute vocalisations to different groups. Counts of groups of whales vocalising 
within each recording were undertaken for each species (Chapter 3). 
Because sounds produced by vessels and other species of marine fauna (i.e. fish, 
dolphins) can overlap with the frequency range of baleen whale sounds, their 
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presence in the recording was noted. Information on presence of vessels was later 
used in the statistical analysis (Section 4.2.5).  
 
Finally, the amount of time baleen whale vocalisations were present in each recording 
(here referred to as ‘sound duration’) was calculated for each species and then 
transformed into percentages. This percentage was estimated as follows: i) for 
recordings with few acoustical cues: by dividing the duration of all vocalisations 
recorded by the length of the recording and then multiplying by 100 and ii) for 
recordings with many acoustical cues: by subtracting the time without baleen whale 
vocalisations from the total length of the recording, then diving this number by the 
length of the recording and multiplying by 100.  For example, in a 13 minutes recording 
we have 5 minutes without whale signals, then the percentage of the recording with 
baleen whale signals is 13 minutes – 5 minutes = 8 minutes, then 8 minutes / 13 
minutes * 100 = 61.53%.  
 
4.2.4. Sound level estimation 
The sound level was calculated for each recording as a ratio of linear power between 
the frequency of interest (humpback or pygmy blue whale) and the adjacent frequency 
or noise band; and is referred to as the SNR here (Erbe et al. 2015). Ratios were then 
transformed into dB by applying 10*log10. It is important to mention that SNR is usually 
calculated for the same frequency band and estimated as a ratio between the power 
of the signal(s) of interest recorded at a time (t) and the power of noise at adjacent 
times (before and/or after the signal) (Kuperman & Roux, 2014). Because the 
assumption for this analysis is that the number of individuals vocalising is correlated 
to the sound level of a specific frequency band (more individuals, higher SNR values) 
and the estimation is not for a specific time in the recording but rather the mean value; 
SNR here is defined as a ratio between adjacent bands instead of adjacent times. 
Given that a species can vocalise at multiple frequencies, the selection of the band of 
interest was as large as possible to maximise the power of the signal and the noise 
bands independently. Although, differences in the width of the noise and signal bands 
may favour one over the other (wider bands will produce higher levels as more 
frequencies are included), the absolute value will be normalized when estimating the 
mean SNR for the band.  
 
The frequency bands corresponding to vocalisations for each species were defined 
by measuring the frequencies of maximum power (Max Freq, in Hz), for blue and 
humpback whale vocalisations using Raven Pro Software Version 1.5 (Bioacoustics 
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Research Program, 2014). The frequency bands corresponding to vessels were also 
defined in this way. For whales, vocalisations measured were those that make up 
song phrases and non-song (or social) sounds.  A minimum of five replicates of each 
vocalisation type (song and non-song) was used for extracting the Max Freq so that 
means and variances could be calculated and variability estimated. The number of 
replicates measured was selected based on the minimum number of times a 
vocalisation was produced. Replicates were from different recordings and days to 
ensure that they were independent (i.e. produced by different groups). 
The estimated minimum and maximum frequencies for all vocalisations were used to 
define the band for baleen whale sounds. The noise band was determined as those 
frequencies adjacent to the frequency bands defined for humpback or blue whales. 
However, during manual inspection some blue whale signals (downsweeps) and 
noise from vessels were observed to overlap with certain humpback whale sounds. 
In these cases, peak frequencies of these sources were included in the measured 
band interval for humpback whales. Consequently, three different datasets were used 
for comparisons between sound levels and number of humpback whale groups 
counted manually: i) all recordings, ii) only recordings without vessel noise, and iii) 
recordings without vessel noise or blue whales vocalisations. The frequency and 
noise band intervals used to calculate humpback and pygmy blue whale sound level 
metrics are summarised in Table 4.1.  
Table 4.1. Summary of frequency and noise band used to calculate sound level metrics (SNRs). 
*Frequency bands higher than 600 Hz were not considered for noise analyses for pygmy blue
whales because high frequency bands will not mask their vocalisations. 
Species Frequency signal (Psignal) Noise signal (Pnoise) 
Humpback whale 79-100 Hz
200-600 Hz
1000-1370 Hz
20-78 Hz
100-200 Hz
1371-3000 Hz
Blue whale 
20-40 Hz
70-113 Hz
10-19 Hz
41-69 Hz
114-600 Hz*
Four different SNR estimates were included in this study; however, a base model was 
first implemented for comparative purposes. The base model consisted of the first 
metric (Eq. 4.1) and represented the mean power band level (BL) within the frequency 
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band of the whale species of interest without adjusting for background noise in the 
recordings.  
 
𝐵𝐿 =  10 ∗ 𝑙𝑜𝑔10(𝑚𝑒𝑎𝑛(𝑃𝑠𝑖𝑔𝑛𝑎𝑙))                       (𝐸𝑞. 4.1) 
 
In the equation, 𝑃𝑠𝑖𝑔𝑛𝑎𝑙 is the power, and its mean was taken over the recording 
length (13 minutes in 2010, 2011 and 23 minutes in 2013, 2014).  
 
The remainder of the metrics (Eq. 4.2 – 4.5) evaluated the SNR band level difference 
by adjusting for Pnoise, which was the power of the signal within adjacent frequency 
bands.  The first of the SNR band level differences was SNR1, which represented the 
level of the mean ratio of signal power to noise power over the length of the recording 
(Eq. 4.2). 
 
𝑆𝑁𝑅1 = 10 ∗ 𝑙𝑜𝑔10(𝑚𝑒𝑎𝑛 (
𝑃𝑠𝑖𝑔𝑛𝑎𝑙
𝑃𝑛𝑜𝑖𝑠𝑒
))          (𝐸𝑞. 4.2) 
 
SNR2 was the mean of the instantaneous signal-to-noise ratio (dB) over the length of 
the recording (Eq. 4.3). SNR1 and SNR2 were included in this study so that results 
could be compared with previous studies that used SNR means in the analysis, but 
did not specify an equation. 
   
𝑆𝑁𝑅2 = 𝑚𝑒𝑎𝑛  (10 ∗ 𝑙𝑜𝑔10 (𝑃𝑠𝑖𝑔𝑛𝑎𝑙) −  10 ∗ 𝑙𝑜𝑔10(𝑃𝑛𝑜𝑖𝑠𝑒))      (𝐸𝑞. 4.3) 
 
Because blue whales have a low vocalisation rate and the above levels that were 
computed over the full duration of a recording might average out the vocalisation 
power, two additional SNR equations (SNR3 and SNR4) were included to concentrate 
on the peak times of vocalisation activity (Eq. 4.4 and Eq. 4.5). The calculation was 
also performed for humpback whales to reduce the influence of groups vocalising 
outside of the study area corresponding to manual acoustic and visual counts. SNR3 
was the maximum of the level of instantaneous signal to noise power over the length 
of each recording. 
 
𝑆𝑁𝑅3 = 𝑀𝑎𝑥 (10 ∗ 𝑙𝑜𝑔10 (
𝑃𝑠𝑖𝑔𝑛𝑎𝑙
𝑃𝑛𝑜𝑖𝑠𝑒
))                   (𝐸𝑞. 4.4) 
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SNR4 was the 75th percentile of the level of instantaneous signal to noise power 
over the length of each recording. The 75th percentile corresponds to the level 
exceeded 25% of the time. 
 
𝑆𝑁𝑅4 =  75𝑡ℎ  𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 (10 ∗ 𝑙𝑜𝑔10 (
𝑃𝑠𝑖𝑔𝑛𝑎𝑙
𝑃𝑛𝑜𝑖𝑠𝑒
))      (𝐸𝑞. 4.5) 
 
4.2.5. Statistical analysis  
 
Correlations between sound level metrics and manual acoustic and visual counts of 
whale groups were evaluated using the Pearson correlation coefficient. The 
correlation coefficient was used as a measure of the linear relationship between 
acoustic and visual counts as independent variables, and sound level metrics as 
dependent variables. Correlations were performed for: (i) hourly mean values and (ii) 
daily mean morning and afternoon values (morning and afternoon periods 
corresponded to continuous ~3 hour time-blocks of visual observations conducted), 
hereafter referred to as AM/PM. Hourly means were used for comparability with 
published data since this is the temporal scale that most have reported. However, 
because one of the main assumptions of the Pearson correlation test is independence 
of samples, residuals tests and autocorrelation plots were used to assess whether 
hourly values fit the assumptions. These tests showed that hourly means had some 
level of autocorrelation within 3-hour periods. Thus, data were also averaged into 
AM/PM blocks falling within the hours of 07.30 to 10:30 and 14:30 to 17:30, 
respectively. These AM/PM time block averages were also tested in correlations and 
compared to results from hourly means. For the purposes of this study, hourly and 
AM/PM blocks are referred to as the temporal scales of means of calculated metrics.  
 
In this study, a sample size of 30 hourly or AM/PM time-block means was considered 
a minimum sample size to produce sufficient analytical power and reduce the 
likelihood of Type 1 and Type 2 errors. Pearson correlation coefficients ranging 
between -1 and 1 were evaluated, with values between -1 and <0 indicating a negative 
relationship, and between >0 and 1 a positive relationship. The degree of correlation 
was defined with five ranks established using the following Rule of Thumb (Hinkle et 
al. 1994): Negligible correlation (±0.0 - ±0.30), low correlation (±0.31 - ±0.50), 
moderate correlation (±0.51 – ±0.70), high correlation (±0.71 - ±0.90) and very high 
correlation (±0.90 - ±1.0). All analyses were undertaken using RStudio Ver. 1.0.136 
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(R Studio Team, 2016) and the R packages: car (Fox & Weisberg, 2011), cowplot 
(Wilke, 2017), doBy (Højsgaard 2006), ggplot2 (Wickham, 2009), lattice (Deepayan, 
2008), lawstat (Gastwirth et al. 2017), mvtnorm (Genz et al. 2016) and reshape 
(Wickham, 2007).  
 
To meet the objectives of this study for pygmy blue whales, a total of 66 Pearson 
correlation coefficients were calculated to test correlations between sound level 
metrics and visual counts, and 60 to test sound level metrics and acoustic counts of 
groups (Table 4.1). For humpback whales, 96 were calculated for visual and 90 for 
acoustic counts of groups. Analyses of humpback whales were more numerous since 
they included the three subsets of data (all recordings, recordings excluding vessel 
noise, and recordings excluding vessel noise and pygmy blue whale vocalisations). 
Analyses for pygmy blue whales did not have sufficient samples to conduct analyses 
for subsets that excluded vessels and humpback whale vocalisations. A correlation 
between the manually counted number of groups detected acoustically and number 
of groups detected visually was also undertaken for comparative purposes. Separate 
analyses were performed for the different recording schedules, and for all recording 
schedules together (Table 4.1.). 
 
Table 4.2. Pearson correlation analyses carried out for blue whales (Recording schedule 1= 
2010, 2011; Recording schedule 2 = 2013, 2014). All analyses were carried out with manual 
acoustic and visual counts of groups as independent variables 
Survey years  Sound level metric  Variable units 
2010-2011, 2013-2014 
 
 
 
 
Band Level (BL; Eq. 1) 
Mean hourly 
Mean daily AM/PM 
Mean Ratio SNR (SNR1; Eq 2) 
Mean hourly 
Mean daily AM/PM 
Mean SNR (SNR2; Eq 3) 
Mean hourly 
Mean daily AM/PM 
Max SNR (SNR3; Eq 4) 
Mean hourly 
Mean daily AM/PM 
75th Percentile SNR (SNR4; Eq.5) 
Mean hourly 
Mean daily AM/PM 
2010-2011 (Recording 
schedule 1) 
 
 
 
 
Band Level (BL; Eq. 1) 
Mean hourly 
Mean daily AM/PM 
Mean Ratio SNR (SNR1; Eq 2) 
Mean hourly 
Mean daily AM/PM 
Mean SNR (SNR2; Eq 3) 
Mean hourly 
Mean daily AM/PM 
Max SNR (SNR3; Eq 4) 
Mean hourly 
Mean daily AM/PM 
75th Percentile SNR (SNR4; Eq.5) Mean hourly 
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Mean daily AM/PM 
2013-2014 (Recording 
schedule 2) 
Band Level (BL; Eq. 1) 
Mean hourly 
Mean daily AM/PM 
Mean Ratio SNR (SNR1; Eq 2) 
Mean hourly 
Mean daily AM/PM 
Mean SNR (SNR2; Eq 3) 
Mean hourly 
Mean daily AM/PM 
Max SNR (SNR3; Eq 4) 
Mean hourly 
Mean daily AM/PM 
75th Percentile SNR (SNR4; Eq.5) 
Mean hourly 
Mean daily AM/PM 
4.3. Results 
4.3.1. Effort and general means 
A total of 238.58 hours of visual observations and 165.77 hours of acoustic recordings 
(614 recordings) were included in analyses. Of the acoustic recordings, 77.1 hours 
(347 recordings) were from 2010 and 2011 (schedule 1) and 88.67 hours (266 
recordings were from 2013-2014 (schedule 2) (Table 4.2).   
Humpback whales were detected in 81.56% of recordings (438) and pygmy blue 
whales in 19.62% (105). An average of 2.00 vocalising humpback whale groups (95% 
Confidence Interval (CI) = 1.877-2.13, Standard Deviation (SD) = 1.51, 95%) and 0.27 
pygmy blue whale groups (CI = 0.22-0.31, SD = 0.57, 95%) were estimated per 
recording. Simultaneous visual observations resulted in an average of 1.6 humpback 
whale (CI = 1.48-1.73, SD = 1.46, 95%) and 0.12 blue whale (CI = 0.09-0.16, SD = 
0.39, 95%) groups detected at the time of each acoustic recording.   
In general, vessels were present in over 50% of the recordings; 50.14% for schedule 
1 and 62.03% for schedule 2 recordings. Overall, pygmy blue and humpback whales 
were present in the same recording on 6.51% of occasions; with a breakdown of 
5.76% in schedule 1 and 7.51% in schedule 2 recordings. Consequently, the data 
subset that excluded vessel noise consisted of 44% of the recordings for analyses of 
all years together, 49% for years having schedule 1 recordings (2010-2011), and 37% 
for years having schedule 2 recordings (2013-2014). The data subset that excluded 
vessels and pygmy blue whales consisted of 38%, 44% and 30% of the total 
recordings collected for analyses including all years, schedule 1 recordings (2010-
2011) and schedule 2 recordings (2013-2014), respectively.   
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Table 4.3. Number of recordings for each data subset and temporal parameters used. Analyses 
with data subsets of no vessels/blue whales were only performed for humpback whales.   
Variable parameters used 
Data subset 
All recordings No vessel noise 
No vessel noise 
or blue whale 
vocalisations 
  All years (2010-2011, 2013-2014) 
Hourly Means 282 162 144 
AM/PM Means 83 67 61 
 schedule 1 (2010-2011) 
Hourly Means 130 83 80 
AM/PM Means 40 31 30 
 schedule 2 (2013-2014) 
Hourly Means 151 79 64 
AM/PM Means 43 36 31 
 
Based on the duration of vocalisations present in the spectrograms, humpback whale 
vocalisations occurred on average during 55.13% of each recording (SD = 38.73, CI 
= 51.85-8.41). Variability was observed between the different recording schedules 
used in different years. On average, humpback whale vocalisations were present for 
a greater percentage of time in schedule 1 recordings than in schedule 2 (schedule 
1: ẋ = 70.28%, SD = 34.04, CI = 67.09-73.46; schedule 2: ẋ = 34.28%, SD = 34.94, 
CI= 30.43-38.11). Song occurred over a greater percentage of time than non-song 
(song: ẋ = 53.89%, SD = 39.38, CI = 50.55-57.23; non-song: ẋ = 1.31%, SD = 4.54, 
CI = 0.922-1.69), and it was present in more recordings (song only = 331 recordings; 
non-song only = 45 recordings; song and non-song occurring in the same recording 
= 119 recordings). For pygmy blue whales, vocalisations occurred on average 3.87% 
of the duration of recordings (SD = 15.52, CI = 2.55-5.19). No variability in the 
percentage of the recordings in which pygmy blue whale vocalisations occurred in 
were observed between recording schedules (schedule 1: ẋ = 5.27%, SD = 18.25, CI 
= 3.55-6.98; schedule 2: ẋ = 1.94%, SD =10.45 , CI = 0.79-3.09; Figure 4.2). Similar 
to humpback whales, blue whale song occurred over greater percentages of the 
recording duration than non-song sounds (non-song: ẋ =1.07 %, SD = 5.93, CI = 0.69-
1.45; song: ẋ = 2.80%, SD = 14.46, CI = 1.57-4.025), but non-song vocalisations were 
present in more recordings (song = 19 recordings; non-song = 100 recordings; song 
and non-song in the same recording = 9 samples).    
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Figure 4.2. Boxplots of humpback and pygmy blue whale sound duration for recordings made 
using schedule 1 in 2010-2011 and schedule 2 in 2013-2014 in Geographe Bay, Western Australia. 
____________________________________________________________________ 
4.3.2. Correlations between sound level metrics and counts of vocalising and 
visually tracked humpback whale groups 
The correlation coefficients ranged between negligible to highly correlated, depending 
on the temporal scale used (i.e. mean over recordings per hour and mean per 
AM/PM), sound level metric and data subset used (Table 4.3). In general, a higher 
correlation was observed between sound level metrics and the number of vocalising 
humpback whale groups manually counted than for sound level metrics and the 
number of humpback whale groups visually tracked (Table 4.3, Figure 4.3).  
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Figure 4.3. Comparison of sound level metric and correlation coefficient for visual and acoustic 
counts of humpback whale groups. Plots are presented for the following scenarios for 
comparative purposes: all recordings, recordings without vessel noise and blue whale sounds 
(WO vessels/BW), recordings without vessel noise (WO vessels). 
____________________________________________________________________ 
 
Correlation coefficients for sound level metric and number of vocalising humpback 
whale groups ranged between 0.02 and 0.68 for mean hourly and between 0.04 and 
0.76 for mean AM/PM (Table 4.3.; see supplementary material 4.6.1 for full statistical 
results). The highest coefficients were for SNR2 using means AM/PM and the data 
subset that excluded records with vessel noise (r = 0.76); and SNR1 and the number 
of vocalising groups per AM/PM period using the data subset that excluded records 
with vessel noise and pygmy blue whale vocalisations (r= 0.76). The lowest 
correlation ranks (negligible and low) were from relationships with BL regardless of 
the recording schedule and data subset used (Figure 4.4).  
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Table 4.4. Pearson coefficients for correlations between humpback whale sound level metrics and counts of whale groups.  Sch1: schedule 1 (2010 – 
2011), Sch2: schedule 2 (2013-2014). Note: Test statistic, 95% Confidence intervals and p-values are in Supplementary material 4.6.1.  
Data subset Variable 
parameters 
used 
Sound level metric Humpback whales 
Level of correlation with 
acoustic counts 
Level of correlation with 
visual counts 
Sch1 Sch2 Combined 
schedules 
Sch1 Sch2 Combined 
schedules 
All Recordings Hourly Band Level 0.26 0.06 0.32 0.23 0.12 0.14 
Mean Ratio SNR1 0.63 0.64 0.65 0.33 0.34 0.32 
Mean SNR2 0.66 0.57 0.63 0.33 0.27 0.29 
Max SNR3 0.61 0.67 0.65 0.27 0.32 0.29 
75th Percentile SNR4 0.66 0.61 0.66 0.33 0.32 0.30 
AM/PM Band Level 0.31 0.05 0.38 0.23 0.17 0.21 
Mean Ratio SNR1 0.67 0.68 0.65 0.44 0.45 0.44 
Mean SNR2 0.74 0.60 0.70 0.46 0.33 0.40 
Max SNR3 0.60 0.71 0.66 0.37 0.46 0.42 
75th Percentile SNR4 0.70 0.65 0.70 0.45 0.39 0.41 
 Recordings 
without vessel 
noise 
Hourly Band Level 0.34 0.09 0.35 0.15 0.15 0.13 
Mean Ratio SNR1 0.65 0.61 0.64 0.30 0.29 0.33 
Mean SNR2 0.69 0.60 0.66 0.40 0.25 0.32 
Max SNR3 0.65 0.56 0.61 0.35 0.26 0.30 
75th Percentile SNR4 0.68 0.62 0.66 0.40 0.27 0.33 
AM/PM Band Level 0.44 0.12 0.36 0.30 0.14 0.16 
Mean Ratio SNR1 0.71 0.72 0.72 0.47 0.45 0.44 
Mean SNR2 0.76 0.70 0.73 0.52 0.40 0.43 
Max SNR3 0.64 0.62 0.63 0.31 0.37 0.34 
75th Percentile SNR4 0.74 0.71 0.73 0.50 0.42 0.44 
 Recordings 
without vessel 
noise & blue 
whale 
vocalisations 
Hourly Band Level 0.33 0.02 0.31 0.16 0.11 0.12 
Mean Ratio SNR1 0.62 0.65 0.63 0.34 0.31 0.32 
Mean SNR2 0.66 0.62 0.63 0.36 0.29 0.32 
Max SNR3 0.65 0.67 0.66 0.36 0.28 0.32 
75th Percentile SNR4 0.65 0.64 0.64 0.35 0.30 0.32 
AM/PM Band Level 0.48 0.07 0.34 0.37 0.01 0.17 
Mean Ratio SNR1 0.68 0.76 0.72 0.42 0.48 0.44 
Mean SNR2 0.73 0.72 0.73 0.47 0.46 0.45 
Max SNR3 0.63 0.72 0.69 0.27 0.43 0.36 
75th Percentile SNR4 0.70 0.74 0.72 0.45 0.48 0.46 
Negligible correlation 
(±0.30 - ±0.30) 
Low correlation  
(±0.31 - ±0.50) 
Moderately correlated 
(±0.51 – ±0.70) 
Highly correlated 
(±0.71 - ±0.90) 
Very highly correlated 
(±0.91 - ±1.0). 
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Schedule 2 recordings from 2013 and 2014 
Figure 4.4. Scatterplots of mean sound level metrics vs. numbers of acoustically detected groups 
of humpback whales per AM/PM period in Geographe Bay for schedule 2 recordings. WO = 
recordings without vessel noise, WO vessels/BW = recordings without vessel noise and blue 
whale sounds. 
____________________________________________________________________ 
 
Similar to the relationship between sound metric and number of vocalising groups 
counted per hour, higher correlation ranks resulted from the mean sound level metrics 
and the number of humpback whale groups visually counted per AM/PM period (Table 
4.3, see supplementary material 4.6.3 for full statistical results). However, lower 
correlation rankings resulted regardless of the sound level metric or data subset used. 
A moderate correlation rank (r = 0.52) was obtained only once from the mean SNR2 
per AM/PM using schedule 1 recordings and the data subset that excluded vessel 
noise (Figure 4.5). A low correlation rank was observed for all the other sound level 
metrics and recording schedules (Table 4.3).  
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Figure 4.5. Scatterplots of mean sound level metrics vs. number of visually detected groups of 
humpback whales per AM/PM in Geographe Bay for schedule 1 recordings in 2011-2012. WO = 
recordings without vessel noise, WO vessels/BW = recordings without vessel noise and blue 
whale sounds. 
___________________________________________________________________ 
In general, coefficients for Schedules 1 and 2 varied depending upon the metric, 
whether recordings had noise from boats and blue whales in them, and between 
schedules. The most consistent patterns between Schedules 1 and 2 were for 
recordings without vessel noise. Coefficients were consistently greater for Schedule 
1 (2010 – 2011) than for Schedule 2 (2013 – 2014) regardless of the metric used 
(Table 4.3), but a clear pattern was not observed (Figure 4.6).  
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Figure 4.6. Correlation coefficients resulting from correlations between different sound level 
metrics and acoustic counts of humpback whales for recording Schedules 1 and 2. Plots are 
presented for the following scenarios for comparative purposes: All recordings, recordings 
without vessel noise and blue whale sounds (WO vessels/BW), recordings without vessel noise 
(WO Vessels). 
____________________________________________________________________ 
 
 
4.3.3. Correlations between sound level metrics and counts of vocalising and 
visually tracked pygmy blue whale groups  
 
Similar to humpback whales, a higher correlation was observed between sound level 
metrics and the number of vocalising blue whale groups manually counted than for 
sound level metrics and the number of blue whale groups visually tracked (Table 4.4, 
Figure 4.7, see supplementary material 4.6.2 and 4.6.3 for full statistical results). Most 
correlations for pygmy blue whales fell within the negligible correlation rank for most 
sound level metrics (Table 4.4). 
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Figure 4.7. Correlation coefficients resulting from correlations between different sound level 
metrics and acoustics and visuals counts of pygmy blue whale groups. Plots are presented for 
the following scenarios for comparative purposes: all recordings, recordings without vessel 
noise (WO vessels). 
 
____________________________________________________________________ 
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Table 4.5. Pearson coefficients for correlations between pygmy blue whale sound level metrics and counts of whale groups.  Sch1: Schedule 1 (2010 – 
2011), Sch2: Schedule 2 (2013-2014). Note: Test statistic, 95% Confidence intervals and p-values are in Supplementary material 4.6.2.  
Dataset 
attributes 
Temporal 
Scale of mean 
counts 
SNR Metric Blue whales 
Level of Correlation with 
Acoustic Counts 
Level of Correlation with Visual 
Counts 
Sch1  Sch2 Combined 
schedules 
Sch1  Sch2 Combined 
schedules 
 All Recordings 
 
Hourly Band Level  -0.17 -0.07 -0.12 0.05 -0.01 -0.15 
Mean Ratio SNR1  0.00 0.21 0.13 0.042 0.04 0.06 
Mean SNR2  -0.04 0.14 0.07 -0.03 0.04 0.06 
Max SNR3  0.19 0.67 0.51 0.17 0.17 0.16 
75th Percentile SNR4  -0.00 0.12 0.07 0.03 0.01 0.04 
AMPM Band Level  -0.21 -0.18 -0.18 -0.19 -0.25 -0.30 
Mean Ratio SNR1  0.05 0.32 0.20 0.05 0.21 0.19 
Mean SNR2  -0.04 0.27 0.16 -0.02 0.21 0.21 
Max SNR3  0.18 0.71 0.52 0.26 0.39 0.32 
75th Percentile SNR4  -0.01 0.23 0.14 0.05 0.15 0.15 
Recordings 
without vessel 
noise 
Hourly Band Level  -0.20 0.05 -0.11 -0.09 -0.09 -0.20 
Mean Ratio SNR1  -0.05 0.45 -0.24 -0.15 0.09 0.05 
Mean SNR2  -0.01 0.41 0.21 -0.18 0.11 0.08 
Max SNR3  0.11 0.62 0.42 0.03 0.11 0.07 
75th Percentile SNR4  -0.06 0.35 0.17 -0.16 0.06 0.03 
AMPM Band Level  -0.33 0.05 -0.14 -0.27 -0.13 -0.23 
Mean Ratio SNR1  -0.27 0.52 0.34 -0.27 0.01 0.03 
Mean SNR2  -0.06 0.48 0.31 -0.30 0.05 0.08 
Max SNR3  0.20 0.71 0.57 0.01 0.08 0.08 
75th Percentile SNR4  0.02 0.40 0.27 -0.31 -0.01 0.00 
 Negligible correlation (±0.30 - ±0.30) 
 Low correlation (±0.31 - ±0.50) 
 Moderately correlated (±0.51 – ±0.70) 
 Highly correlated (±0.71 - ±0.90) 
 Very highly correlated (±0.91 - ±1.0). 
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The highest correlation coefficients between sound level metrics and acoustic counts 
ranged from low to moderate in their ranking, and were from Schedule 2 recordings 
and excluding vessels. The highest of these (r = 0.71) was for Max SNR3 per AM/PM 
(Figure 4.8). Several correlations from Schedule 1 recordings had negative 
coefficients.   
Figure 4.8. Scatterplots of sound level metrics vs. number of pygmy blue whale groups 
acoustically detected in Geographe Bay using data averaged daily per AM/PM and using only 
samples without vessels recorded. BW: pygmy blue whale.  
____________________________________________________________________ 
The correlation between sound level metrics and visual counts was negligible for most 
cases. The highest correlation had a low correlation rank, and were for Max SNR3 
per AM/PM, schedule 2 recordings (r = 0.39) with the dataset including all recordings 
(Table 4.4, see supplementary material Appendix 4.6.3 for full statistical results). 
When comparing recording schedules, higher correlation values were observed for 
recording schedule 2 (Figure 4.9)   
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Figure 4.9. Correlation coefficients resulting from correlations between different sound level 
metrics and acoustic counts of pygmy blue whales for recording Schedules 1 and 2. Plots are 
presented for the following scenarios for comparative purposes: All recordings, recordings 
without vessel noise and blue whale sounds (WO vessels/BW), recordings without vessel noise 
(WO Vessels). 
____________________________________________________________________ 
 
4.3.4. Correlations between the number of baleen whale groups counted 
acoustically and visually 
 
The correlation between the number of acoustically and visually detected groups of 
pygmy blue and humpback whales in most cases resulted in higher coefficients than 
those obtained for correlations between sound level metrics and visual counts (Table 
4.5).   
 
 
 
 
 
 
 
 
 
 
 
121 
Table 4.6. Pearson coefficients for correlations between manual counts of humpback and pygmy 
blue whale groups recorded and the number of groups visually tracked.  Sch1: schedule 1 (2010 
– 2011), Sch2: schedule 2 (2013-2014). Note: Test statistic, 95% Confidence intervals and p-values
are in Supplementary material 4.6.3.
Data subset Temporal 
scale of 
mean 
counts 
Level of correlation between acoustic & visual counts 
HW BW 
Sch1 Sch2 Combined 
schedules 
Sch1 Sch2 Combined 
schedules 
All Recordings Hourly 0.45 0.41 0.38 0.54 0.27 0.35 
AM/PM 0.53 0.63 0.55 0.81 0.53 0.56 
Recordings without vessel 
noise  
Hourly 0.52 0.37 0.42 0.23 0.45 0.40 
AM/PM 0.65 0.49 0.52 0.23 0.43 0.38 
Recordings without vessel 
noise & blue whale 
vocalisations 
Hourly 0.51 0.43 0.45 
AM/PM 0.64 0.59 0.59 
For humpback whales, higher correlation coefficients were observed when the data 
were averaged per AM/PM. The highest correlation coefficient (r = 0.65) resulted from 
recording schedule 1 and the data subset without vessel noise (Figure 4.10).  
Negligible correlation (±0.30 - ±0.30) 
Low correlation (±0.31 - ±0.50) 
Moderately correlated (±0.51 – ±0.70) 
Highly correlated (±0.71 - ±0.90) 
Very highly correlated (±0.91 - ±1.0). 
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Figure 4.10. Scatterplots of mean number of humpback whale (HW) groups visually vs. 
acoustically detected in Geographe Bay, per AM/PM, from combined schedule recordings (A), 
schedule 1 recordings only (B), and schedule 2 recordings only (C).  WO = recordings without 
vessel noise, WO vessels/BW = recordings without vessel noise and blue whale sounds.  
____________________________________________________________________ 
 
Similar to humpback whales, for pygmy blue whales the highest correlation 
coefficients resulted from mean AM/PM time-blocks from schedule 1 recordings (r = 
0.81; Table 4.5, Figure 4.11).  
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Figure 4.11. Scatterplots of mean number of pygmy blue whale (BW) groups visually vs. 
acoustically detected in Geographe Bay, per AM/PM, with datasets using all samples (A) and only 
samples without vessels (B).   
____________________________________________________________________ 
 
4.4. Discussion 
The principal aim of this chapter was to evaluate whether there were correlations 
between sound level metrics and numbers of vocalising and visually tracked 
humpback and pygmy blue whale groups. Previous studies have suggested that 
acoustical power and/or vocalisation rates can be highly correlated with the number 
of animals in an area (Au et al. 2000; McCauley et al. 2001; Oleson, Calambokidis, 
Barlow, et al. 2007;   Gedamke et al. 2007; Gavrilov & McCauley 2013; Širović et al. 
2015; Erbe et al. 2015; Seger et al. 2016; Noad et al. 2017). However, the level of 
correlation between these parameters has not always been evaluated. 
 
In contrast with other studies (i.e. Au et al. 2000; Kumar 2003), the correlation 
between sound levels metrics and the number of visually tracked groups was low. 
This low correlation may be explained by differences in the area of detection of each 
method. While sound level metrics measure vocal power produced by vocalising 
groups in an area up to ~6 km and 20-30 km away for pygmy blue and humpback 
whales respectively (Salgado Kent, Gavrilov et al 2012), visual observations are 
restricted to a range in which animals could be confidently tracked (less than ~6 km 
from the theodolite station). However, animals at greater ranges yielded much lower 
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received levels at the recorder, contributing much less to the overall SNR than animals 
close by and reducing the difference in area size.  
 
Where differences in areas are limited or acoustic power from beyond the study area 
is low, differences between sound level metrics and visual observations are more 
likely explained by acoustical ecology and behaviour of a species in which there is 
differential detection of certain cohorts. For example, in Cynoscion othonopterus (Gulf 
corvina), sound levels have a linear relationship with numbers present, but only during 
the peak of spawning and after high tide (Rowell et al. 2017).  For humpback whales 
specifically, differences in vocal behaviour are known to occur for different cohorts 
within a population; with single males singing for long periods of time and females 
with calves and groups of whales being less vocally active. Females with calves in 
particular tend to be the quietest and vocalise for shorter periods of time than singers 
and other adult-only groups (Dunlop et al. 2007; Zoidis et al. 2008). As song can be 
performed for long periods of time, singing whales can increase sound level metrics 
in the study area. Because singing whales spend more time under water than non-
singing whales, the probability of sighting a singer at the surface of the water (and 
counting it during visual observations) is reduced. In contrast, less vocally active 
groups will have a higher probability of being detected visually, but will contribute less 
to sound level metrics. Therefore, the correlation between sound level metrics and 
visual observations will be low since each technique is targeting a different cohort.  
 
In contrast, the correlation between sound levels metrics and numbers of vocalising 
groups varied from low to high; but was never very highly correlated (i.e. r > 0.9) for 
either species. In this study, manual counts of groups of vocalising whales were 
confined to the study area (based on SNR) since it was difficult to distinguish between 
vocalising groups at greater ranges. However, sound level metrics in this study were 
not necessarily confined to the study area. The difference in area each technique 
measured was likely responsible, in part, for noise introduced in correlations between 
the number of groups acoustically detected and SNR metrics. The level of correlation 
depended upon species, sound metric, temporal scale, data subset used and 
recording schedule. The influence of each of these is discussed below.  
 
4.4.1. Influence of sound metrics and species on correlation coefficients 
 
Low to high correlations resulted between most sound level metrics and numbers of 
vocalising groups, except for broadband level (BL, Eq. 4.1). The low correlations 
125 
associated with broadband levels is indicative that adjusting for background noise 
levels was important for achieving indices that more accurately reflected counts of 
vocalising whales. Background noise levels in the ocean can vary by more than 40 
dB depending upon wind and sea state conditions, although variations of up to 20 dB 
are common (Cato & McCauley, 2002). Consequently, without adjusting for 
background noise, the high variability over periods of hours and days will result in 
highly biased whale abundance indices.    
Although for all analysis BL showed the lowest correlation coefficients, differences in 
the sound metric that achieved higher ranks differ between species. For humpback 
whales, a similar range in correlation coefficients resulted from all metrics (between 
0.56 and 0.76), and for pygmy blue whales the maximum SNR3 had much higher 
coefficients (between 0.18 and 0.71) than all other SNR metrics (between -0.20 and 
0.48).  
Increases in mean and 75th percentile SNR metrics are expected in the following 
conditions: (1) when the duration of whale vocalisations increases in recordings (i.e., 
the percent of time that vocalisations occur in recordings), (2) when whale 
vocalisations have higher SNRs (generally when whales are closer to the receiver), 
and (3) when there are sufficient overlapping vocalisations to increase overall SNRs. 
Of these, the first two conditions are expected to be most influential. The maximum 
SNR would be expected to increase mainly when the intensity of vocalisations 
increases (generally when whales are closer). In some instances, the probability of 
having a whale closer to the receiver may increase with increasing numbers of whales 
in an area. Consequently, the density, distribution and vocal behaviour of different 
whale species will influence SNR metrics. For pygmy blue whales because they do 
not have a high vocal rate, the maximum will be achieved when a vocalisation is 
recorded and a single vocalisation will generate the maximum energy in the frequency 
range.  
Overall, humpback whale SNRs had higher correlations with numbers of vocalising 
groups than did pygmy blue whale SNRs. Humpback whales were observed (visually) 
to be more abundant than pygmy blue whales. Humpback whales are also a highly 
vocal species, with vocalisations occurring on average over 50% of the recording 
length and dominating the soundscape in peak migratory periods (Seger et al. 2016). 
Thus, overall agreement in the range of correlations coefficients across SNR metrics 
for humpback whales is indicative that as more groups were vocalising, there was an 
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increase in the proportion of vocalisations in recordings and the probability of 
vocalising whales being closer to the receiver (and/or vocalising with higher SNRs).  
 
In contrast, pygmy blue whales were low in relative abundance (based on visual 
observations) and may be less vociferous than humpback whales and so there was 
high variability in the SNRs and coefficients. This variation might not be explained by 
changes in the population density and distribution due to the low numbers. The 
variability could have been due to some recordings having background noise in the 
same frequency band as pygmy blue whales. Wind generated noise is frequently 
dominant at frequencies below 200 Hz (Cato & McCauley 2002) and it may explain 
the variation in the SNRs and coefficients (see 4.3.7). In addition, pygmy blue whales 
may be less vocally active than humpback whales with their vocalisations recorded 
for, on average, 5 % of a recording sample. Because the low number of sounds 
produced by pygmy blue whales and their short duration, the received level will be 
low and the sounds will be averaged over the duration of the recording. Both this 
percentage and the received level were likely too low for the mean SNR metrics to be 
useful as the power of the few, short and brief pygmy blue whale signals would be 
“averaged out” over the duration of each recording. The SNR metric would thus have 
been dependent more on the variability in background noise than the variability in 
pygmy blue whale density. 
In general, variability in vocal activity of individuals and their spatial distribution relative 
to the acoustic recorder over time influences how well sound metrics correlate to 
relative abundance. Despite the wide variability and the low correlation coefficients 
observed with mean sound metrics in this study, past studies on pygmy blue whales 
have successfully used mean sound levels to identify migration patterns (e.g. 
Gedamke et al. 2007; Erbe et al. 2015; Širović et al. 2015). The success of these 
studies would have been due to the presence of high numbers of animals and calls in 
the recordings, a condition that was not observed here. Consequently, a priori 
information on the likely number of vocalising animals (and vocalisation rates) is 
needed to design optimal acoustic sampling schedules and acoustic metrics. 
 
4.4.2. Influence of temporal scale and recording schedule on correlation 
coefficients  
The correlations between SNRs and the number of vocalising whale groups were 
higher when data considered temporal autocorrelation (averaged in AM/PM blocks) 
than when it did not (averages per hour). Previous studies on humpback and pygmy 
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blue whales have used different time blocks to compare numbers of individuals from 
acoustics and visual methods (e.g. hour blocks used by Clark & Clapham 2004; 
Oleson Calambokidis, Barlow et al. 2007, or 4 minutes / daily blocks used by Au et al. 
2000). However, on many occasions it is not clear whether temporal autocorrelation 
was considered or how it was included in the analysis. In areas of transit such as 
Geographe Bay, some groups may transit faster than others causing variability in 
whale abundance on short- and long-term scales. This variability implies that the 
numbers from one period of time are closely related to values from the following 
period, and so the data is positively autocorrelated. Because ecological studies 
should consider temporal variability to avoid temporal autocorrelation, it is 
recommended for future studies to include analysis of temporal scale as part of the 
statistical design. If this is not possible, it is recommended to analyse the data on 
different time scales so that temporal autocorrelation is evaluated.   
Overall, recording schedule had little influence on correlations for humpback whales 
but it showed some influence for pygmy blue whales with higher correlations resulting 
from longer recordings made in 2013-2014. Considering that humpback and blue 
whales have different acoustical behaviour, it is possible that the differences between 
recording schedules are related to variability in the species vocalisation rate. It is 
possible that longer recordings increase the likelihood of detecting quieter species 
while more vocal species are less affected because they vocalise more frequently. 
Because recording schedule is linked to year in this study, the differences may be 
related to differences in the number of individuals passing by the area in a given year. 
According to the vocalisation rate analysis from chapter 3, this is not likely for pygmy 
blue whales because year was not a significant factor explaining the vocalisation rate 
variability. Furthermore, a greater number of pygmy blue whale groups were visually 
detected during the 2014 season but this did not affect the sound duration (proportion 
of time vocalisations occurred in recordings) for this year. On this base, it is possible 
that the recording schedule does influence correlation coefficients for quieter species. 
Studies on duty cycles have suggested that subsampling effects on acoustic metrics 
are more pronounced in species that are less vocally active (Thomisch et al. 2015). 
The results of this study support this finding but because the study of Thomisch et al. 
2015 did not consider interseasonal variability and the sample size of this study was 
low, additional analyses are needed to better understand the influence of recording 
schedule on correlation coefficients.  
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4.4.3. Influence of masking sources on correlation coefficients 
Results of this study indicated that higher correlations were obtained when 
overlapping noise occurring within the same frequency bands as whale signals of 
interest (i.e. other whale species, vessels) was removed. One method to remove the 
influence of overlapping noise is to select specific frequency bands of whale 
vocalisations that do not overlap with other sources. Širović et al. (2004) used this 
method to differentiate fin from blue whale signals, both in the 20-28 Hz frequency 
band, by using only the higher component of the fin whale calls to avoid overlap with 
the lower blue whale signals. In this study, a similar approach was not possible 
because the overlapping sources (blue whale downsweeps between 70-100 Hz, and 
vessel noise between 80-400 Hz) completely masked humpback whale sounds and 
no partial component could be used. In addition, including only non-overlapping 
frequencies would have excluded common non-song sounds. The inclusion of non-
song sounds was considered particularly important for humpback whales because of 
the high number of mother-calf groups present in the area and likely producing non-
song sounds only (Zoidis et al. 2008; Rekdahl et al. 2013). The subsampling approach 
(excluding recordings with overlapping noise from blue whales and vessels) used was 
successful at improving correlations from low / moderately correlated to highly 
correlated in humpback whales and from negligible to low / moderately correlated for 
pygmy blue whales. However, this can only be done when removing files with the 
overlapping sources does not affect the minimum sample size required for the 
analysis. In locations where there are high levels of overlapping noise from other 
sources, the use of sound level metrics may be far from optimal for obtaining 
abundance indices.    
 
4.4.4. The influence of environmental conditions on correlation coefficients 
Soundscape studies suggest that environmental conditions (i.e. wind, rain) contribute 
greatly to underwater sound (Ma et al. 2005; Erbe et al. 2015). In shallow waters, 
normal changes in wind speed can cause 20 dB or more noise level variation specially 
at low frequencies (<200 Hz) and, at wind speeds of >20 knots (~ 37 km/h) the noise 
level can be comparable to those observed with vessels (Cato 1997).  In addition, rain 
has been reported in frequency bands below 1 kHz and heavy rain in bands between 
2 and 10 kHz (Ma et al. 2005). These frequencies overlap with those of baleen whales 
and the influence of wind and rain noise should be considered for acoustics studies 
including sound level metrics correlations. 
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The analysis on the effect of environmental factors in correlation coefficients was out 
of the scope of this paper. Because concurrent visual survey protocols required sea 
states below 5, wind under 15 knots and no rain, it was assumed that the environment 
will have a low influence in the noise band. However, knowing that even small 
changes in the wind speed can somewhat affect the noise level (Cato & McCauley 
2002), an analysis including changes in environmental conditions is suggested for 
future studies.   
 
4.4.5. The influence of cohort and sound-type on correlation coefficients 
Correlations between the number of groups vocalising and visually tracked were 
higher than those between visually tracked groups and sound level metrics. While 
previous studies suggested a non-linear relationship between the absolute number of 
animals present and the number of acoustical cues or vocalising individuals (Oleson, 
Calambokidis, Barlow et al. 2007; Ponce et al. 2012; Noad et al. 2017), this study 
estimated a moderate positive correlation. However, direct comparisons cannot be 
made because different acoustic or visual metrics were used in each study. Usually, 
studies using cue counts may differentiate vocal rates between cohorts or gender but 
assume that all visual groups are vocalising (Ponce et al. 2012).  Here, the latest 
assumption cannot be made because the vocal rate varies according to cohorts and 
sound type and is not necessarily density dependent (Chapter 3). Furthermore, the 
use of cue counts for humpback whales is not advisable because of the high amount 
of sounds of which song is composed. Therefore, it is not possible to say whether the 
differences among studies are caused by the methodologies or due to differences in 
behaviour and ecology of each species.  
 
Non-linear relationships between visual and acoustical observations are sometimes 
explained by differences in the detection rates for each method, presence of weak 
signals that auto-detectors may have missed, presence of silent animals that cannot 
be detected in acoustical analysis or presence of individuals vocalising underwater 
that are missed by visual observations. Although all these are valid reasons, an 
additional explanation that is not frequently considered is the type of sound used in 
the analysis. Previous studies with pygmy blue whales detected differences between 
visual and acoustical encounter rates between song and non-song sounds (Oleson, 
Calambokidis, Barlow et al. 2007).  They found that the number of whales producing 
D calls (similar to the downsweeps in this study, Chapter 2; Recalde-Salas et al. 2014) 
was positively correlated with the number of visually observed whales, but singers 
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were not correlated with visual counts (Oleson, Calambokidis, Barlow et al. 2007). 
The most common acoustical sounds detected in Geographe Bay were downsweeps 
and this may explain the moderate and high correlations obtained in this study.   
 
4.5. Conclusions  
 
Previous studies suggested a positive correlation between power levels and number 
of whales present in a particular area (Au et al. 2000; McCauley et al. 2001; Gedamke 
et al. 2007; Oleson, Calambokidis, Barlow, et al. 2007; Erbe et al. 2015; Seger et al. 
2016; Noad et al. 2017). Results presented in this study indicate that this is not always 
the case and the accuracy of this method depends on the acoustical behaviour of the 
species being studied, the acoustic environment, and sound level metrics used.  
 
A positive relationship between sound level metrics and numbers of groups vocalising 
or present in an area is more robust for species that are more vocally active or that 
vocalise more frequently such as humpback whales (Mellinger 2007). Furthermore, 
this study indicated that the relationship is likely to be stronger when overlapping 
sources in similar frequencies (e.g. vessels, other whale species, etc.) are removed. 
Exclusion of samples with vessels noise is recommended for humpback whale 
studies, if frequent vessel noise in similar frequency bands is present in the area.  
 
For less vocal species such as blue whales occurring in an area with limited acoustic 
detection range or certain cohorts of humpback whales (e.g. mother-calf), the 
estimation of sound level metrics for ecological analysis is less robust. In these cases, 
the use of sound level metrics may not yield reliable abundance estimates; rather 
manual counts of acoustically detected groups are recommended instead. However, 
if a monitoring program requires the less laborious approach of using sound level 
metrics, Max SNR3 is recommended over other metrics as it may perform better.  
 
Overall,  the high variability in the acoustical ecology and vocalisation rates between 
cohorts bias relative densities using sound level metrics to those groups more 
acoustically active (e.g. singers). The use of manual counts of vocalising groups for 
both highly vocal and quieter species will likely more accurately account for the 
proportion of groups or individuals that are less vocally active. Because manual 
counts is a very laborious approach, a combination of this with sound level metrics 
maybe an option of a cost-effective action. For example, sound level metric methods 
can be used for identifying specific dates and recordings where a species of interest 
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is present and then, subsamples of these specific recordings can be chosen to do 
manual counts. Ultimately, it is important that monitoring programs using acoustics 
use methods that best answer the management needs in question, and carefully 
consider the acoustical behaviour of the species or cohorts of interest. As a result, 
biases inherent to each method will be reduced.  
132 
 
4.6. Supplementary material 
 
4.6.1 Pearson correlation analysis for humpback whales 
Table 4.7. Summary of Pearson correlation test coefficients for different SNR measures vs. acoustic counts of groups of humpback whales in Geographe 
Bay based on hourly means. Values highlighted in bold represent the highest coefficients per each SNR and recording schedule.   
SNR 
measures 
Recordings used 
Schedule 1 (2010-2011) Schedule 2 (2013-2014) Combined schedules 
(2010-2011 & 2013-2014) 
Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
T CI P 
value 
Pearson 
Correlation 
Coefficient 
t CI P value 
 Band level 
(BL - Eq. 1)  
  
All recordings 0.25 2.84 0.07 
0.41 
0.005 0.05 0.65 -0.11 
0.22 
0.511 0.32 5.43 0.20 
0.42 
1.26 e-07 
 
 
Excluding recordings 
with vessels 
 
0.33 
 
3.05 
 
0.11 
0.52 
 
0.003 
 
0.09 
 
0.72 
 
-0.15 
0.33 
 
0.460 
 
0.35 
 
4.37 
 
0.19 
0.48 
 
2.44 e-05 
 
Excluding recordings 
with vessels and 
blue whales 
 
0.32 
 
2.87 
 
0.10 
0.52 
 
0.005 
 
0.02 
 
0.17 
 
-0.25 
0.29 
 
0.864 
 
0.31 
 
3.59 
 
 
0.14 
0.46 
 
0.0004 
Mean Ratio 
SNR1 (Eq. 2) 
All recordings 0.63 8.76 0.50 
0.72 
1.84 e-14 0.63 9.67 0.52 
0.72 
<2.2 e-
16 
0.65 13.71 0.57 
0.71 
< 2.2 e-16 
 
Excluding recordings 
with vessels 
 
0.65 
 
7.41 
 
0.50 
0.76 
 
1.77 e-10 
 
0.60 
 
5.99 
 
0.42 
0.74 
 
1.2 e-
07 
 
0.63 
 
9.67 
 
0.52 
0.72 
 
< 2.44 e-16 
 
Excluding recordings 
with vessels and 
blue whales 
 
0.62 
 
6.56 
 
0.45 
0.74 
 
8.42 e-09 
 
0.65 
 
6.12 
 
0.46 
0.78 
 
1.39 e-
07 
 
0.62 
 
8.83 
 
0.50 
0.72 
 
9.77 e-15 
Mean SNR2 
(Eq. 3) 
All recordings 0.66 9.54 0.54 
0.75 
2.75 e-16 0.57 8.11 0.44 
0.66 
2.55 e-
13 
0.63 13.016 0.55 
0.70 
< 2.2e-16 
 
 
Excluding recordings 
with vessels 
 
0.68 
 
8.09 
 
0.54 
0.79 
 
9.21 e-12 
 
0.60 
 
5.91 
 
0.41 
0.74 
 
1.6 e-
07 
 
0.65 
 
10.15 
 
0.55 
0.74 
 
<2.2 e-16 
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Excluding recordings 
with vessels and 
blue whales 
0.65 7.18 0.49 
0.77 
6.45 e-10 0.62 5.65 0.42 
0.76 
7.50 e-
07 
0.63 8.99 0.51 
0.73 
4.19 e-15 
Max SNR3 
(Eq. 4) 
All recordings 0.60 8.25 0.48 
0.71 
2.70 e-13 0.67 10.62 0.57 
0.75 
< 2.2e-
16 
0.65 13.76 0.57 
0.71 
< 2.2 e-16 
Excluding recordings 
with vessels 0.64 7.25 0.49 
0.76 
3.46 e-10 0.55 5.25 0.36 
0.70 
1.97 e-
06 
0.61 9.02 0.49 
0.70 
1.52 e-15 
Excluding recordings 
with vessels and 
blue whales 
0.65 7.06 0.49 
0.76 
6.45 e-10 0.66 6.36 0.48 
0.79 
5.86 e-
08 
0.66 9.73 0.55 
0.75 
< 2.2 e-16 
75th Percentile 
SNR4 (Eq. 5) 
All recordings 0.66 9.54 0.54 
0.75 
2.73 e-16 0.60 8.95 0.49 
0.70 
2.21 e-
15 
0.66 14.035 0.58 
0.72 
< 2.2 e-16 
Excluding recordings 
with vessels 0.68 7.96 0.53 
0.78 
1.62 e-11 0.61 6.14 0.43 
0.75 
6.59 e-
08 
0.66 10.36 0.55 
0.74 
<2.2e-16 
Excluding recordings 
with vessels and 
blue whales 
0.65 7.06 0.46 
0.78 
1.07 e-09 0.64 5.92 0.44 
0.77 
2.89 e-
07 
0.64 9.23 0.52 
0.73 
1.12 e-15 
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Figure 4.12. Scatterplots of mean sound level metrics vs number of acoustically detected groups 
of humpback whales per hour in Geographe Bay for Schedules 1 and 2 recordings. WO = 
recordings without vessel noise, WO vessels/BW = recordings without vessel noise and blue 
whale sounds.   
____________________________________________________________________ 
 
 
Figure 4.13. Scatterplots of mean sound level metrics vs number of acoustically detected groups 
of humpback whales per hour in Geographe Bay for schedule 1 recordings. WO = recordings 
without vessel noise, WO vessels/BW = recordings without vessel noise and blue whale sounds.  
____________________________________________________________________ 
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Figure 4.14. Scatterplots of mean sound level metrics vs number of acoustically detected groups 
of humpback whales per hour in Geographe Bay for Schedule 2 recordings. WO = recordings 
without vessel noise, WO vessels/BW = recordings without vessel noise and blue whale sounds.   
____________________________________________________________________ 
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Table 4.8. Summary of Pearson correlation test coefficients for the different sound level metrics vs acoustic counts of groups of humpback whales in 
Geographe Bay based on daily morning (AM) and afternoon (PM) means. Values in bold represent the highest coefficients per each SNR and recording 
schedule.   
SNR 
measures 
Recordings used 
Schedule 1 (2010-2011) Schedule 2 (2013-2014) Combined schedules 
(2010-2011 & 2013-2014) 
Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
T CI P value Pearson 
Correlation 
Coefficient 
t CI P value 
 Band level 
(BL - Eq. 1)  
  
All recordings 0.31 2.04 0.00 
0.57 
0.047 0.05 0.30 -0.25 
 0.34 
0.761 0.38 3.67 0.17 
0.54 
0.0004 
 
Excluding recordings 
with vessels 
0.44 2.69 0.10 
0.68 
0.011 0.12 6.99 -0.22 
0.44 
0.489 0.36 3.094 0.13 
0.55 
0.002 
 
Excluding recordings 
with vessels and blue 
whales 
0.48 2.92 0.51 
0.86 
3.65 e-06 0.07 0.37 -0.30 
0.43 
0.711 0.34 2.73 0.09 
0.55 
0.0083 
Mean Ratio 
SNR1 (Eq. 2) 
All recordings 0.67 5.52 0.44 
0.81 
2.57 e-06 0.68 5.92 0.47 
0.81 
5.58 e-07 0.69 8.69 0.56 
0.79 
3.14 e-13 
 
Excluding recordings 
with vessels 
0.72 5.60 0.48 
0.85 
4.24 e-06 0.72 5.84 0.50 
0.85 
1.93 e-06 0.72 8.19 0.57 
0.81 
1.61 e-11 
 
Excluding recordings 
with vessels and blue 
whales 
0.68 4.90 0.42 
0.83 
3.56 e-05 0.76 5.99 0.54 
0.88 
2.48 3-06 0.72 7.69 0.56 
0.82 
2.47 e-10 
Mean SNR2 
(Eq. 3) 
All recordings 0.74 6.71 0.55 
0.85 
5.92 e-08 0.60 4.78 0.36 
0.76 
2.26 e-05 0.70  0.56 
0.79 
2.20 e-13 
 
Excluding recordings 
with vessels 
0.76 6.45 0.56 
0.87 
0.011 0.70 5.44 0.46 
0.84 
5.99 e-06 0.73 8.50 0.59 
8.27 
4.67 e-12 
 
Excluding recordings 
with vessels and blue 
whales 
0.73 5.74 0.51 
0.86 
3.65 e-06 0.73 5.40 0.48 
0.86 
1.16 e-05 0.73 7.92 0.57 
0.82 
1.00 e-10 
Max SNR3 
(Eq. 4)  
All recordings 0.60 4.63 0.35 
0.76 
4.17 e-05 0.71 6.55 0.52 
0.83 
2.47 e-06 0.67 8.02 0.52 
0.77 
6.63 e-12 
 
Excluding recordings 
with vessels 
0.64 4.62 0.38 
0.81 
6.69 e-05 0.62 4.45 0.35 
0.79 
0.0001 0.63 6.47 0.45 
0.75 
1.63 e-08 
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Excluding recordings 
with vessels and blue 
whales 
0.63 4.35 0.35 
0.81 
0.0001 0.73 5.39 0.48 
0.86 
1.18 e-05 0.69 7.06 0.52 
0.80 
2.66 e-09 
75th Percentile 
SNR4 (Eq. 5) 
All recordings 0.70 6.08 0.50 
0.83 
4.35 e-07 0.65 5.46 0.43 
0.79 
2.47 e-06 0.70 8.97 0.57 
0.79 
9.05 e-14 
Excluding recordings 
with vessels 
0.74 6.05 0.52 
0.86 
1.20 e-06 0.71 5.70 0.49 
0.85 
2.86 e-06 0.73 8.51 0.59 
0.82 
4.49 e-12 
Excluding recordings 
with vessels and blue 
whales 
0.70 5.25 0.46 
0.84 
1.39 e-05 0.74 5.61 0.50 
0.87 
2.47 e-10 0.72 7.81 0.57 
0.82 
1.54 e-10 
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Figure 4.15. Scatterplots of mean sound level metrics vs number of acoustically detected groups 
of humpback whales per AM/PM in Geographe Bay for Schedules 1 and 2 recordings. WO = 
recordings without vessel noise, WO vessels/BW = recordings without vessel noise and blue 
whale sounds. 
____________________________________________________________________ 
  
Figure 4.16. Scatterplots of mean sound level metrics vs number of acoustically detected groups 
of humpback whales per AM/PM in Geographe Bay for Schedule 1 recordings. WO = recordings 
without vessel noise, WO vessels/BW = recordings without vessel noise and blue whale sounds.  
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Table 4.9.  Summary of Pearson test correlation test coefficients for different sound level metrics vs number of groups of humpback whales visually counted 
in Geographe Bay based on hourly means. Values highlighted in bold represent the highest coefficients each SNR and recording schedule.  
SNR 
measures 
Recordings used 
Schedule 1 (2010-2011) Schedule 2 (2013-2014) Combined schedules 
(2010-2011 & 2013-2014) 
Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value 
 Band level 
(BL - Eq. 1) 
All recordings 0.23 2.50 0.04 
0.39 
0.013 0.12 1.47 -0.04
0.28
0.141 0.14 2.32 0.02 
0.26 
0.02 
Excluding recordings 
with vessels 
0.15 1.34 -0.07
 0.36 
0.184 0.15 1.21 -0.09
0.38
0.22 0.13 1.51 0.17 
0.47 
0.13 
Excluding recordings 
with vessels and blue 
whales 
0.16 1.33 -0.07
0.38
0.18 0.11 0.81 -0.16
0.37
0.02 0.12 1.37 -0.05
0.29
0.17 
Mean Ratio 
SNR1 (Eq. 2) 
All recordings 0.33 3.75 0.15 
0.48 
0.0002 0.34 4.19 0.18 
0.47 
0.51 
4.95 e-05 0.32 5.33 0.20 
0.42 
2.064 e-07 
Excluding recordings 
with vessels 
0.39 3.58 0.17 
0.56 
0.0006 0.29 2.36 0.04 
0.50 
0.021 0.33 4.10 0.17 
0.47 
7.03 e-05 
Excluding recordings 
with vessels and blue 
whales 
0.34 3.01 0.11 
0.53 
0.18 0.31 2.29 0.03 
0.53 
0.025 0.32 3.75 0.15 
0.47 
0.0002 
Mean SNR2 
(Eq. 3) 
All recordings 0.34 3.85 0.16 
0.48 
0.0001 0.27 3.27 0.10 
0.41 
0.001 0.29 4.77 0.17 
0.39 
0.17 
Excluding recordings 
with vessels 
0.40 3.76 0.19 
0.57 
0.0003 0.25 2.05 0.00 
0.47 
0.044 0.32 3.99 0.16 
0.46 
0.0001 
Excluding recordings 
with vessels and blue 
whales 
0.36 3.14 0.13 
0.54 
0.002 0.29 2.11  0.01 
 0.51 
0.039 0.32 3.70 0.15 
0.47 
0.0003 
Max SNR3 
(Eq. 4) 
All recordings 0.27 3.04 0.09 
0.31 
0.002 0.32 3.93 0.16 
0.46 
0.0001 0.29 4.82 0.17 
0.39 
2.419 e-06 
Excluding recordings 
with vessels 
0.35 3.24 0.18 
0.57 
0.001 0.26 2.11 0.01 
0.47 
0.03 0.30 3.69 0.14 
0.44 
0.0003 
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Excluding recordings 
with vessels and blue 
whales 
0.36 3.16 0.13 
0.54 
0.002 0.28 2.06 0.00 
0.51 
0.044 0.32 3.67 0.14 
0.46 
0.0003 
75th Percentile 
SNR4 (Eq. 5) 
All recordings 0.33 3.72 0.15 
0.47 
0.0003 0.32 3.96 0.16 
0.46 
0.0001 0.30 5.07 0.18 
0.40 
7.511 e-07 
 Excluding recordings 
with vessels 
0.40 3.69 0.18 
0.57 
0.0004 0.27 2.20 0.02 
0.48 
0.031 0.33 4.03 0.16 
0.46 
8.96 e-05 
 Excluding recordings 
with vessels and blue 
whales 
0.35 3.07 0.12 
0.54 
0.003 0.31 2.27 0.03 
0.53 
0.027 0.32 3.77 0.15 
0.47 
0.0002 
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Figure 4.17. Scatterplots of mean sound level metrics vs number of visually detected groups of 
humpback whales per hour in Geographe Bay for Schedules 1 and 2 recordings. WO = recordings 
without vessel noise, WO vessels/BW = recordings without vessel noise and blue whale sounds. 
____________________________________________________________________ 
 
Figure 4.18. Scatterplots of mean sound level metrics vs number of visually detected groups of 
humpback whales per hour in Geographe Bay for Schedule 1 recordings. WO = recordings 
without vessel noise, WO vessels/BW = recordings without vessel noise and blue whale sounds. 
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Figure 4.19.Scatterplots of mean sound level metrics vs number of visually detected groups of 
humpback whales per hour in Geographe Bay for Schedules 2 recordings. WO = recordings 
without vessel noise, WO vessels/BW = recordings without vessel noise and blue whale sounds.  
____________________________________________________________________ 
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Table 4.10. Summary of Pearson correlation test coefficients for the different SNR measures vs number of groups of humpback whales visually counted 
in Geographe Bay based on daily morning (AM) and afternoon (PM) means. Values highlighted in bold represent the highest correlation coefficients per 
each SNR and recording schedule   
SNR 
measures 
Recordings used 
Schedule 1 (2010-2011) Schedule 2 (2013-2014) Combined schedules 
(2010-2011 & 2013-2014) 
Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value 
 Band level 
(BL - Eq. 1) 
All recordings 0.27 1.70 0.17 
0.67 
0.002 0.17 1.13 -0.13
0.45
0.264 0.21 1.96 0.00 
0.40 
0.053 
Excluding recordings 
with vessels 
0.30 1.75 -0.04
 0.59 
0.006 0.14 0.81 -0.20
0.46
0.422 0.16 1.25 -0.09
0.38
0.213 
Excluding recordings 
with vessels and blue 
whales 
0.37 2.08 0.00 
0.64 
0.008 0.10 0.49 -0.28
0.45
0.62 0.17 1.32 -0.08
0.41
0.190 
Mean Ratio 
SNR1 (Eq. 2) 
All recordings 0.44 3.06 0.15 
0.66 
0.003 0.45 3.24 0.17 
0.66 
0.002 0.48 4.38 0.24 
0.59 
3.47 e-05 
Excluding recordings 
with vessels 
0.47 2.90 0.14 
0.70 
0.006 0.45 2.77 0.12 
0.68 
0.009 0.44 3.88 0.21 
0.61 
0.0002 
Excluding recordings 
with vessels and blue 
whales 
0.42 2.42 0.06 
0.67 
0.021 0.49 2.82 0.13 
0.72 
0.009 0.44 3.72 0.21 
0.63 
0.0004 
Mean SNR2 
(Eq. 3) 
All recordings 0.46 3.21 0.17 
0.67 
0.002 0.33 2.28 0.03 
0.57 
0.027 0.39 3.84 0.19 
0.56 
0.0002 
Excluding recordings 
with vessels 
0.52 3.30 0.20 
0.73 
0.516 0.40 2.44 0.06 
0.65 
0.020 0.43 3.83 0.21 
0.64 
0.0002 
Excluding recordings 
with vessels and blue 
whales 
0.47 2.81 0.13 
0.71 
0.008 0.46 2.66 0.10 
0.71 
0.013 0.45 3.82 0.22 
0.63 
0.0003 
Max SNR3 
(Eq. 4) 
All recordings 0.37 2.43 0.06 
0.60 
0.019 0.46 3.33 0.18 
0.66 
0.001 0.42 4.13 0.22 
0.58 
8.58 e-05 
Excluding recordings 
with vessels 
0.31 1.77 -0.04
 0.59 
0.085 0.37 2.23 0.03 
0.63 
0.014 0.34 2.87 0.10 
0.53 
0.005 
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Excluding recordings 
with vessels and blue 
whales 
0.27 1.51 -0.09 
0.57 
0.141 0.43 2.45 0.07 
0.69 
0.021 0.36 2.92 0.11 
0.56 
0.004 
75th Percentile 
SNR4 (Eq. 5) 
All recordings 0.45 3.09 0.15 
0.66 
0.003 0.39 2.71 0.10 
0.61 
0.009 0.41 4.02 0.21 
0.57 
0.0001 
 Excluding recordings 
with vessels 
0.50 3.16 0.18 
0.72 
0.003 0.42 2.59 0.09 
0.66 
0.0002 0.44 3.88 0.21 
0.61 
0.0002 
 Excluding recordings 
with vessels and blue 
whales 
0.45 2.67 0.10 
0.69 
0.012 0.48 2.79 0.13 
0.72 
0.009 0.46 3.87 0.22 
0.64 
0.0002 
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Figure 4.20. Scatterplots of mean sound level metrics vs number of visually detected groups of 
humpback whales per AM/PM in Geographe Bay for recording schedules 1 and 2 combined. WO 
= recordings without vessel noise, WO vessels/BW = recordings without vessel noise and blue 
whale sounds.   
____________________________________________________________________ 
 
 
Figure 4.21. Scatterplots of mean sound level metrics vs number of visually detected groups of 
humpback whales per AM/PM in Geographe Bay for Schedule 2 recordings. WO = recordings 
without vessel noise, WO vessels/BW = recordings without vessel noise and blue whale sounds.   
____________________________________________________________________
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4.6.2. Pearson correlation analysis for blue whales 
Table 4.11.Summary of Pearson correlation test coefficients for different SNR measures vs. acoustic counts of groups of blue whales in Geographe Bay 
based on hourly means. Values highlighted in bold represent the highest correlation coefficients per each SNR and recording schedule.   
SNR 
measures 
Recordings used 
Schedule 1 (2010-2011) Schedule 2 (2013-2014) Combined schedules 
(2010-2011 & 2013-2014) 
Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value 
 Band level 
(BL - Eq. 1)  
  
All recordings -0.173 -1.90 -0.34 
0.00 
0.059 -0.071 -0.83 -0.23 
0.01 
0.402 -0.119 -1.91 -0.23 
0.00 
0.056 
Excluding recordings 
with vessels 
-0.204 -1.79 -0.41 
 0.02 
0.076 0.049 0.38 -0.20 
0.29 
0.702 -0.109 -1.28 -0.27 
0.05 
0.200 
Mean Ratio 
SNR1 (Eq. 2) 
All recordings 0.003 0.03 -0.17 
0.18 
0.968 0.209 2.50 0.04 
0.36 
0.013 0.131 2.11 0.01 
0.24 
0.035 
Excluding recordings 
with vessels 
-0.057 -0.49 -0.27 
0.17 
0.624 
 
0.446 3.89 0.22 
0.62 
0.0002 -0.237 2.85 0.07 
0.38 
0.004 
Mean SNR2 
(Eq. 3) 
All recordings -0.044 -0.48 -0.22 
0.13 
0.629 0.141 1.66 -0.02 
0.30 
0.098 0.075 1.21 -0.04 
0.19 
0.225 
Excluding recordings 
with vessels 
-0.099 -0.86 -0.31 
0.12 
0.391 0.408 3.49 0.17 
0.59 
0.0008 0.206 2.47 0.04 
0.36 
0.014 
Max SNR3 
(Eq. 4)  
 
All recordings 0.195 2.15 0.01 
0.36 
0.033 0.667 10.45 0.56 
0.75 
<2.2 e-16 0.507 9.40 0.41 
0.59 
<2.2 e-16 
Excluding recordings 
with vessels 
0.111 0.96 -0.11 
0.32 
0.339 0.616 6.11 0.43 
0.74 
7.60 e-08 0.422 
 
5.45 0.27 
0.54 
2.27 e-07 
 
75th Percentile 
SNR4 (Eq. 5) 
All recordings -0.007 -0.08 -0.18 
0.17 
0.934 0.122 1.44 -0.04 
0.28 
0.151 0.074 1.19 -0.04 
0.19 
0.233 
Excluding recordings 
with vessels 
-0.062 -0.54 -0.28 
0.16 
0.59 0.352 2.94 0.11 
0.55 
0.004 0.169 2.01 0.00 
0.32 
0.045 
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Figure 4.22. Scatterplots of sound level metrics vs number of blue whale groups acoustically 
detected in Geographe Bay using data averaged per hour and all samples. BW: blue whale.  
____________________________________________________________________ 
 
Figure 4.23. Scatterplots of sound level metrics vs number of blue whale groups acoustically 
detected in Geographe Bay using data averaged per hour and using samples without vessels 
recorded. BW: blue whale. 
____________________________________________________________________ 
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Table 4.12. Summary of Peterson correlation test coefficients for different SNR measures vs acoustic counts of groups of blue whales in Geographe Bay 
based on daily morning (AM) and afternoon (PM) means. Values highlighted represent the highest correlation coefficients per each SNR and recording 
schedule.   
SNR 
measures 
Recordings used 
Schedule 1 (2010-2011) Schedule 2 (2013-2014) Combined schedules 
(2010-2011 & 2013-2014) 
Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value 
 Band level 
(BL - Eq. 1)  
  
All recordings -0.21 -1.30 -0.48 
0.11 
0.199 -0.183 -1.19 -0.45 
0.12 
0.23 -0.185 -1.69 -0.38 
0.03 
0.093 
Excluding recordings 
with vessels 
-0.34 -1.95 -0.61 
0.01 
0.059 0.049 0.27 -0.29 
0.38 
0.78 -0.143 -1.14 -0.37 
0.10 
0.255 
Mean Ratio 
SNR1 (Eq. 2) 
All recordings 0.05 0.29 -0.26 
0.35 
0.771 0.322 2.17 0.02 
0.56 
0.035 0.196 1.80 -0.01 
0.39 
0.074 
Excluding recordings 
with vessels 
-0.27 -1.55 -0.56 
0.08 
0.129 0.516 3.36 0.21 
0.73 
0.002 0.343 2.90 0.10 
0.54 
0.005 
Mean SNR2 
(Eq.3) 
All recordings -0.037 -0.23 -0.34 
0.27 
0.818 0.268 1.78 -0.03 
0.52 
0.082 0.158 1.44 -0.05 
0.36 
 
 
Excluding recordings 
with vessels 
-0.062 -0.34 -0.40 
0.29 
0.735 0.480 3.04 0.16 
0.70 
0.004 0.308 2.57 0.07 
0.51 
 
Max SNR3 
(Eq. 4)  
 
All recordings 0.180 1.12 -0.13 
0.46 
0.266 0.708 6.43 0.51 
0.83 
1.03 e-07 0.524 5.54 0.34 
0.66 
3.53 e-07 
Excluding recordings 
with vessels 
0.201 1.12 -0.15 
0.51 
0.269 0.706 5.56 0.47 
0.84 
4.30 e-06 0.568 5.48 0.37 
0.71 
7.78 e-07 
 
75th Percentile 
SNR4 (Eq. 5) 
All recordings -0.007 -0.04 -0.31 
0.30 
0.963 0.230 1.51 -0.07 
0.49 
0.137 0.137 1.24 -0.80 
0.34 
0.215 
Excluding recordings 
with vessels 
0.025 0.14 -0.32 
0.37 
0.889 0.403 2.45 0.06 
0.65 
0.019 0.265 2.18 0.02 
0.47 
0.032 
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Figure 4.24. Scatterplots of sound level metrics vs number of blue whale groups acoustically 
detected in Geographe Bay using data averaged daily per morning (AM) and afternoon (PM). BW: 
blue whale.  
____________________________________________________________________ 
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Table 4.13. Summary of Pearson correlation test coefficient for different SNR measured vs number of blue whale groups visually counted in Geographe 
Bay based on hourly means. Values highlighted in bold represent the highest coefficients per each SNR and recording schedule.   
SNR 
measures 
Recordings used 
Schedule 1 (2010-2011) Schedule 2 (2013-2014) Combined schedules 
(2010-2011 & 2013-2014) 
Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value 
SNR (Eq. 1)  
 Psignal only 
All recordings -0.05 -0.51 -0.22 
0.13 
0.610 -0.09 -1.08 -0.25 
0.07 
0.279 -0.15 -2.42 -0.26 
-0.02 
0.016 
 
Excluding recordings 
with vessels 
-0.09 -0.75 -0.30 
0.14 
0.454 -0.09 -0.73 -0.33 
0.15 
0.463 -0.20 -2.35 -0.35 
-0.03 
0.019 
Mean SNR 
(Eq. 2) 
All recordings 0.04 0.45 -0.13 
0.22 
0.648 0.04 0.51 -0.12 
0.20 
0.609 0.06 1.05 -0.05 
0.18 
0.293 
 
Excluding recordings 
with vessels 
-0.15 -1.30 -0.36 
0.07 
0.195 0.09 0.72 -0.15 
0.33 
0.473 0.05 0.60 -0.11 
0.21 
0.543 
Mean SNR 
(Eq. 3) 
All recordings -0.03 -0.28 -0.20 
0.15 
0.776 0.04 0.52 -0.12 
0.21 
0.602 0.06 0.93 -0.06 
0.17 
0.350 
 
Excluding recordings 
with vessels 
-0.18 -1.58 -0.39 
0.04 
0.117 0.11 0.85 -0.14 
0.34 
0.394 0.08 0.95 -0.08 
0.24 
0.342 
Max SNR (Eq. 
4) 
All recordings 0.17 1.86 -0.01 
0.33 
0.065 0.17 1.97 0.00 
0.32 
0.050 0.16 2.59 0.03 
0.27 
0.010 
 
Excluding recordings 
with vessels 
0.03 0.26 -0.19 
0.25 
0.795 0.11 0.87 -0.14 
0.34 
0.384 0.07 0.81 -0.09 
0.23 
0.414 
75th Percentile 
SNR (Eq. 5) 
All recordings 0.03 0.37 -0.14 
0.21 
0.710 0.01 0.08 -0.16 
0.17 
0.080 0.04 0.59 -0.08 
0.15 
0.550 
Excluding recordings 
with vessels 
-0.16 -1.40 -0.37 
0.06 
0.163 0.06 0.51 -0.18 
0.30 
0.608 0.03 0.30 -0.141 
0.191 
0.760 
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Figure 4.25. Scatterplots of sound level metrics vs groups of blue whales visually counted in 
Geographe Bay using data averaged per hour. BW: blue whale.  
____________________________________________________________________ 
 
Figure 4.26. Scatterplots of SNRs vs groups of blue whales visually counted in Geographe Bay 
using data averaged per hour using dataset without vessels. BW: blue whale. 
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Table 4.14. Summary of Pearson correlation test coefficients for different SNR measures vs. number of groups of blue whales visually counted in Geographe 
Bay based on daily AM/PM means. Values highlighted in bold represent the highest coefficients per each SNR and recording schedule.   
SNR 
measures 
Recordings used 
Schedule 1 (2010-2011) Schedule 2 (2013-2014) Combined schedules 
(2010-2011 & 2013-2014) 
Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value 
SNR (Eq. 1)  
 
 Psignal only 
All recordings -0.189 -1.18 -0.47 
0.13 
0.242 -0.248 -1.64 -0.51 
0.0 
0.107 -0.303 -2.87 -0.48 
-0.09 
0.005 
 
Excluding recordings 
with vessels 
-0.270 -1.54 
 
-0.56 
0.08 
0.134 -0.134 -0.75 -0.45 
0.21 
0.454 -0.234 -1.91 -0.45 
0.01 
0.060 
Mean SNR 
(Eq. 2) 
All recordings 0.047 0.29 -0.26 
0.35 
0.77 0.209 1.37 -0.09 
0.47 
0.177 0.195 1.79 -0.02 
0.39 
0.076 
 
Excluding recordings 
with vessels 
-0.273 -1.55 -0.56 
0.08 
0.129 0.015 0.088 -0.32 
0.35 
0.930 0.030 0.24 -0.21 
0.27 
0.810 
Mean SNR 
(Eq. 3) 
All recordings -0.021 -0.13 -0.33 
0.29 
0.894 0.212 1.38 -0.09 
0.48 
0.172 0.207 1.91 -0.01 
0.40 
0.059 
 
Excluding recordings 
with vessels 
-0.295 -1.69 -0.58 
0.05 
0.101 0.047 0.26 -0.30 
0.38 
0.794 0.082 0.65 -0.16 
0.31 
0.515 
Max SNR (Eq. 
4) 
All recordings 0.265 1.69 -0.05 
0.53 
0.098 0.385 2.67 0.09 
0.48 
0.170 0.325 3.09 0.11 
0.50 
0.002 
 
Excluding recordings 
with vessels 
0.019 0.10 -0.33 
0.36 
0.914 0.084 0.47 -0.26 
0.41 
0.638 0.078 0.62 -0.16 
0.31 
0.533 
75th Percentile 
SNR (Eq. 5) 
All recordings 0.050 1.37 -0.09 
0.47 
0.177 0.153 0.99 -0.15 
0.43 
0.325 0.154 1.40 -0.06 
0.35 
0.163 
Excluding recordings 
with vessels 
-0.308 -1.77 -0.59 
0.04 
0.085 -0.006 -0.03 -0.34 
0.33 
0.969 0.004 0.03 -0.23 
0.24 
0.972 
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4.6.3. Pearson correlation analysis for number of groups acoustically detected vs number of groups visually tracked 
Table 4.15. Summary of Pearson correlation test coefficients for number of humpback and blue whale groups acoustically counted vs number of groups 
visually counted in Geographe Bay based on hourly means. Values highlighted in bold represent the highest coefficients per each SNR and recording 
schedule.   
SNR 
measures 
Recordings used 
Schedule 1 (2010-2011) Schedule 2 (2013-2014) Combined schedules 
(2010-2011 & 2013-2014) 
Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value 
Humpback 
whales 
All recordings 0.45 5.39 0.29 
0.58 
3.62 e-07 0.41 5.252 0.26 
0.54 
5.66 e-07 0.38 6.56 0.27 
0.48 
2.85 e-10 
Excluding recordings 
with vessels 
0.52 5.26 0.33 
0.67 
1.38 e-06 0.37 3.10 0.13 
0.56 
0.002 0.42 5.36 0.26 
0.54 
3.40 e-07 
Excluding recordings 
with vessels and 
blue whales 
0.51 4.92 0.31 
0.66 
5.77 e-06 0.43 3.34 0.17 
0.62 
0.001 0.45 5.557 0.29 
0.58 
1.68 e-07 
Blue 
whales 
All recordings 0.54 7.03 0.40 
0.66 
1.47 e-10 0.27 3.34 0.11 
0.42 
0.001 0.35 5.951 0.23 
0.45 
8.76 e-09 
Excluding recordings 
with vessels 
0.23 2.01 0.02 
0.43 
0.047 0.45 3.94 0.22 
0.62 
0.0002 0.40 5.05 0.24 
0.52 
1.32 e-06 
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Table 4.16. Summary of Pearson correlation test coefficients for number of humpback and blue whale groups acoustically counted vs number of groups 
visually counted in Geographe Bay based on daily AM/PM means. Values highlighted in bold represent the highest coefficients per each SNR and recording 
schedule.   
SNR 
measures 
Recordings used 
Schedule 1 (2010-2011) Schedule 2 (2013-2014) Combined schedules 
(2010-2011 & 2013-2014) 
Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value Pearson 
Correlation 
Coefficient 
t CI P value 
Humpback 
whales 
All recordings 0.53 3.86 0.26 
0.72 
0.0004 0.63 5.16 0.40 
0.78 
0.61 e-06 0.55 5.89 0.37 
0.68 
8.38 e-08 
Excluding recordings 
with vessels 
0.65 4.68 0.38 
0.81 
5.62 e-05 0.49 3.12 0.17 
0.71 
0.003 0.52 4.87 0.32 
0.68 
7.62 e-06 
Excluding recordings 
with vessels and blue 
whales 
0.64 4.46 0.37 
0.81 
0.0001 0.59 3.70 0.27 
0.78 
0.0009 0.60 5.49 0.39 
0.73 
9.74 e-07 
Blue 
whales 
All recordings 
 
0.81 8.52 0.66 
0.89 
2.37 e-10 0.53 3.96 0.26 
0.71 
0.0002 0.56 6.09 0.39 
0.69 
3.53 e-08 
Excluding recordings 
with vessels 
0.23 1.27 -0.13 0.213 0.43 2.68 0.10 
0.67 
0.011 0.38 3.24 0.14 
0.56 
0.001 
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Chapter 5. 
Modelling detection probabilities of baleen whales: the 
influence of imperfect detection on acoustic monitoring of 
baleen whales 
The aim of this chapter was to estimate acoustic detection probabilities of pygmy blue 
whales (Balaenoptera musculus brevicauda) and humpback whales (Megaptera 
novaeangliae) migrating through Geographe Bay, Western Australia, using N-mixture 
models. Specifically, temporal, anthropogenic, ecological and behavioural factors 
influencing the availability and detectability processes were evaluated for each 
species and different sound types (song and non-song). Detection probabilities were 
species specific with humpback whales having a higher detection than pygmy blue 
whales. Differences in the detection were observed for different humpback whale 
cohorts, singers had a higher detection than cohorts producing non-song sounds. 
Principal factors influencing the availability and detectability processes were Julian 
day, year and number of groups visually observed, but their significance depended 
upon species and sound type. The number of consecutive recordings was also 
significant in the detectability process particularly for humpback whales producing 
song.  The variability in detection probabilities between and within a species, and the 
factors affecting it should be considered when designing acoustical surveys for 
monitoring, particularly when the aim of monitoring is evaluation of population trends. 
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5.1. Introduction 
 
Monitoring heavily exploited species is vital in guiding regulatory and management 
decision making so that recovery can be achieved successfully (Milner-Gulland  & 
Rowcliffe 2007). During the 19th and 20th centuries, a large number of baleen whale 
species were over-exploited, which led to severe declines of many populations and 
near-extinction of some (e.g., right whales, blue whales, humpback whales, etc.). 
Since the ban of commercial whaling in 1965, some baleen whale species such as 
humpback whales (Megaptera novaeangliae), have been recovering rapidly. Rates of 
recovery for other species such as blue whales (Balaenoptera musculus), and in 
particular the subspecies pygmy blue whale (Balaenoptera musculus brevicauda), are 
less certain (International Whaling Commission, 2018). While whaling effort is now 
much more controlled and limited through quotas imposed by the International 
Whaling Commission, there are other anthropogenic threats that may be affecting 
their recovery (e.g., noise pollution, ship strike, entanglements, etc.). Consequently, 
the International Whaling Commission has identified monitoring as one of the key 
steps in developing conservation plans that effectively manage threats to baleen 
whale populations (International Whaling Commission 2016a; International Whaling 
Commission 2016b).   
 
Baleen whales can be surveyed in various ways including methods such as land, 
vessel, or aerial-based visual (aircraft or drone) observations and acoustic 
observations (e.g., towed acoustic arrays or remote, fixed passive acoustic 
monitoring). Regardless of the method, all approaches detect animals imperfectly 
which affects the accuracy and reliability of survey data (McCarthy et al. 2013). Even 
when surveys are designed to maximise consistency and are standardized by using 
data collection protocols, the probability of detecting a species, groups or individuals 
is not constant in time and/or space (Alldredge et al. 2006; Murn & Holloway 2016); 
and it can be influenced by species behaviour, weather conditions, and survey 
coverage among many other factors. Often, detection is assumed to be constant 
across surveys in a study, however, this assumption is usually violated and may lead 
to inaccurate conclusions (Thompson 2002; McCallum 2005b; Kellner & Swihart, 
2014). Because of this, understanding the probability of detection of animals being 
surveyed and its variability is essential for determining a survey’s reliability and to 
accurately estimate ecological parameters (Alldredge et al. 2007; Kellner & Swihart 
2014).  
 
157 
The probability of detection can be defined as the chance that an individual or species 
of interest will be detected given it is present in the area being surveyed (McCarthy et 
al. 2013). Detection probability can be broken down into two components: (i) 
availability (Pa) which is the probability that a species or individual is available to be 
detected (i.e., it emits a detectable cue) and (ii) detectability (Pd) which is the 
probability that the species or individual is detected given it produces a cue (McCallum 
2005b; Scott et al 2005). For visual surveys a cue can be a whale blowing or 
breaching, while for passive acoustic monitoring (PAM) cues are sounds produced by 
whales. Availability on the one hand, is affected by the behaviour of the species, and 
can vary with ecological conditions such as seasonality and habitat (McCallum et al. 
2005b). Detectability on the other hand, is a function of conditions that affect the 
detection of cues (i.e., for visual observations this would be the observer’s ability to 
see the cue, or environmental conditions such as glare on the water, etc.). While, 
some studies have suggested that availability is not important when detection 
probabilities are used for estimating population trends (Verfuss et al. 2018); other 
authors advise that regardless of the aim of the study, estimating detection probability 
without considering all components will introduce bias in the final estimates 
(McCallum 2005a; Riddle et al. 2010; Amundson et al. 2014; Coggins et al. 2014; 
Kellner & Swihart 2014). Furthermore, studies that fail to properly estimate imperfect 
detection will result in weakened statistical inferences upon which decision making, 
extinction risks and policy are based (Kellner & Swihart 2014; Kéry & Royle 2016).  
The components of detection probability can be estimated using a range of modelling 
approaches (e.g., distance sampling, removal models, double observer methods, and 
many more). The relevant approach depends upon the survey design and type of data 
collected. The models available can estimate aspects of one or both components of 
detection probability (Riddle et al. 2010). For example, distance sampling (Buckland 
et al. 2001) estimates detectability (Pd) at range from an observer. Double observer 
methods (Nichols et al. 2000) estimate detectability (Pd) as a function of observer 
bias. Removal (Farnsworth et al. 2002) and N-mixture models (Royle et al. 2004) are 
designed to estimate both Pa and Pd for all animals producing cues in the study area 
and during the general period of the surveys (Pa > 0).   
For visual-based cetacean studies that aim to estimate population trends, a common 
approach is to use distance sampling methods (e.g., Marques et al. 2009, Marques 
et al. 2013). This approach assumes that the species is present and available to be 
detected (i.e., at the surface of the water). Distance sampling methods estimate the 
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probability of detection as a function of range from the observer, which generally 
decreases with increasing distance. Visual observations from a vessel, land or aircraft 
commonly measure the declination from the horizon (using clinometers, theodolites, 
etc.) to the observed whale and use this metric to calculate distances.  
 
For studies that use acoustic detections to survey whales, the cues used are the 
sounds produced by the species of interest. Auto-detectors that search for cues are 
increasingly used due to their greater time efficiency than manually searching 
acoustic data sets (e.g., Gavrilov et al. 2013, for a review on detection algorithms see 
Bittle and Duncan, 2013). In acoustic studies, the detection probability as a function 
of cue characteristics, environmental conditions, and propagation and transmission 
loss at range is commonly assessed (Zimmer 2011; Helble et al. 2013). For acoustic 
studies, the detection range is influenced by background noise conditions; which in 
turn is influenced by wind, sea state conditions and anthropogenic noise (e.g., vessel 
and industrial noise, etc.). High ambient noise levels resulting from wind and wave 
activity can reduce the range at which cues can be detected. The presence of vessels 
may mask certain sounds when cues and vessel noise overlap in frequency bands 
(Hatch et al. 2008; Melcón et al. 2012; Erbe et al. 2016).  
 
To reduce the biases in acoustic surveys caused by variability in detection, spatially 
explicit capture-recapture (SECR) or mark-recapture distance sampling (MRDS) 
methods can be used (Borchers 2012; Marques et al 2013). SECR incorporate spatial 
information in terms of location of the sensor or “trap” used to detect the individuals. 
This method can be used when distances of detected animals cannot be obtained but 
the same individual is detected by multiple sensors. The detection function for this 
method can be defined as a function of distance of the area covered by each sensor 
(Borchers 2012; Marques et al. 2013). MRDS can be interpreted as a type of SECR 
(Borchers 2012) and uses information from two observers or observation points in an 
overlapping area of study. In MRDS, each observer records the location of detected 
animals, and observations that overlap are considered recaptures. MRDS is a type of 
capture-recapture model that integrates a state model for animal location with the 
likelihood of estimated recapture (Borchers 2012). For acoustic-only surveys, SECR 
is preferred over MRDS (Marques et al 2013), however, only a few studies have so 
far used it (e.g. Marques et al. 2012; Martin et al. 2013). The main limitation of MRDS 
and SECR models is the need to estimate distance of the source accurately. To 
estimate this parameter, data should be collected using multiple acoustic sensors or 
acoustic arrays. The use of acoustics arrays significantly increases the cost and 
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reduces the cost-benefit of passive acoustics methods. In addition, extensive 
knowledge of the acoustical ecology of the species of interest is critical but not always 
available (Gannon et al. 2008).  
 
An acknowledged limitation when using these models in acoustics-only studies, is that 
a proportion of the population will not be available for detection since not all individuals 
necessarily vocalise (Riera et al. 2013). Furthermore, the availability of vocalising 
individuals is often considered to be constant. For instance, vocal behaviour (such as 
vocal rate) is generally assumed to be similar for all individuals and most studies use 
specific cue types which may represent some cohort of the population and not others 
(e.g., song in populations in which only males sing). Such assumptions do not account 
for variability in vocal behaviour among cohorts of a population. Some hierarchical 
models (e.g., hierarchical N-mixture and hierarchical distance sampling models), 
however, can model availability, detectability, and the influence of covariates (cohort-
specific, temporal, environmental, etc.) in each process. Consequently, knowledge on 
sources of biases that should be considered when using acoustics-only surveys for 
population monitoring can be evaluated. In addition, if there are visual survey 
observations that have been conducted simultaneously, acoustic availability (the 
probability of animals vocalising during a survey) can be estimated (e.g., Akamatsu 
et al. 2008).  
 
To advance the utility of acoustics-only baleen whale surveys, this study aimed to 
determine important sources of biases for acoustic based monitoring programs. 
Specifically, this study aimed to: (i) estimate detection probabilities of acoustics-based 
surveys of two species of baleen whales, humpback whales and pygmy blue whales 
in Geographe Bay (Western Australia), (ii) identify conditions (i.e., sea state, Julian 
day, population density, presence of vessels, % of recordings having whale sounds) 
influencing detection probability components (availability and detectability), and (iii) 
identify key survey criteria that should be considered in the development of passive 
acoustic optimal monitoring protocols that may influence detection probabilities of 
baleen whales. Because monitoring programs are fundamental for effective 
conservation and management, but can be expensive, well-designed programs using 
cost-effective methods such as acoustics are essential for future monitoring.  
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5.2. Methods 
5.2.1. Study area 
This study used data collected in November 2010-2011 and 2013-2014 in Geographe 
Bay, Western Australia.  Geographe Bay is located in the southwest of Western 
Australia from approximately 33° 18’ 32’’S and 115° 38’ 6’’ E to 33° 32’ 6’’ S and 115° 
0’ 29’’ E (Figure 1). Most of the bay has a depth of around 30 m, with some areas 
dropping to around 50 m and areas near the coast approaching depths around 20 m 
and less. The seafloor is mainly composed of limestone and clay (Borissova 2002). 
The bay is part of the Geographe Bay Commonwealth Marine Reserve, a reserve 
composed of 977 km2 and part of the Leeuwin-Naturaliste bioregion (Department of 
the Environment and Energy, 2018b). The coastal area is part of Meelup National 
Park that extends over 11.5 km between Dunsborough and Bunker Bay (Meelup 
Regional Park, 2018). The regional park falls within the Quindalup system and has 
hills up to 50 m high.   
 
Figure 5.1. The study area (red circle) within Geographe Bay, Western Australia. 
_______________________________________________________ 
Humpback and pygmy blue whales pass through the inshore waters of Geographe 
Bay on their way to Antarctica during the southern migration. The humpback whale 
peak in migration can be variable among years, however it is generally in 
September/October. The entire migratory season, however, extends from August to 
early January. In comparison, pygmy blue whales migrate between October and 
January and have their peak in Geographe Bay in November (Salgado Kent, Gavrilov 
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et al. 2012). Because individuals from both species pass close to land, this area is 
ideal for combined land and acoustic based surveys.  
5.2.2. Survey design 
This study used two independent platforms: land and acoustics. Data was collected 
simultaneously during the peak of pygmy blue whale migration and just after the 
peak for humpback whales.   
Land-based observations were conducted from a 50-m high hill at 33° 36’ 7.48’’ S and 
115° 4’ 46.55’’ E, and used a theodolite TopCon GTS-603AF Electronic Total Station 
connected to a computer running the real-time positioning software CYCLOPS 
(v.2.8.04 for 2010-2011 data - Erick Kniest, University of Newcastle) or VADAR (for 
2013 – 2014 data, Erick Kniest, University of Newcastle) to track whales. At least 
three observers conducted observations in two shifts: (i) 7:30 to 11:30 am and (ii) 2:30 
and 5:30 pm. Shift duration was weather dependent. A break in shifts at midday 
reduced observer fatigue and exposure to heat.  
Land-based observations consisted of behaviours, local movements and geographic 
positions of whale groups, as well as number and composition of the groups present 
in the area at all times. During each survey day, each group was allocated a unique 
alphabetical letter between A and Z (starting with A), and double-letters (AA, BB, CC, 
etc.) after Z. When two or more groups joined, the name given to this group was the 
combination of both original names and the composition adjusted according to the 
confirmed structure of each of group. For example, if group A (consisting of one adult) 
was joined by group C (two adults), then the new group was allocated the name AC 
and the group composition became three adults. When a mother-calf (MC) were 
joined by a group of adults, these were called escorts and the group was labelled 
MC+n escorts. Group composition of baleen whales is unstable, particularly for 
humpback whales, the only exception are mothers with their calf (Clapham 1996). 
Therefore, it is common that groups of adults split and join, which was considered 
when naming the groups by labelling them with the original letter followed by a 
number. For example, if group C composed of 5 adults split into two groups, one of 
three and one of two individuals, one group was labelled C1 and the second C2. In 
addition to behavioural data, Information on weather and presence of vessels was 
also collected. Weather data included qualitative measures of wind speed (in knots) 
and direction (relative to magnetic north), sea state using a Beaufort scale (Barua, 
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2005), glare (on a scale from 0 (no glare) to 3 (intense glare)), cloud cover (in 
octaves), presence of haze and swell height and direction. Surveys were undertaken 
on days with wind speeds less than 15 knots, Beaufort conditions mostly under 4 (one 
occasion included Beaufort 5), and during periods without rain.   
The acoustic-based surveys were conducted using acoustic loggers built at the 
Centre for Marine Science and Technology (see McCauley et al. 2017 for 
specifications). The recorders were deployed at 2.5 km northeast of the land-based 
station (Figure 1). The recorders were calibrated before and after deployment using 
white noise of known level input immediately behind the hydrophone, plus the 
hydrophone sensitivity. Recorders were scheduled to record for 13 minutes every 15 
minutes for the 2010 and 2011 seasons, and 23 minutes every 30 minutes for the 
2013 and 2014 seasons. Each individual recording of 13 or 23 minutes is called a 
sample. Recorder settings varied among years and are presented in Table 5.1.  
 
Table 5.1. Acoustic logger settings and recording schedules for each year of study.   
Year Total Gain 
(dB) 
Sampling 
frequency 
(kHz) 
Anti-aliasing 
filter (kHz) 
Duty cycle Underwater 
recording period 
2010 40 12 5 13.3 minutes every 
15 minutes 
14/11/2010 to 
13/12/2010 
2011 40 12 5 13.3 minutes every 
15 minutes 
10/11/2011 to 
15/12/2011 
2013 40 6 1.8 23 minutes every 30 
minutes 
14/11/2013 to 
05/02/2014 
2014 40 6 1.8 23 minutes every 30 
minutes 
31/10/2014 to 
15/01/2015 
 
The received signals were amplified using a pre-amplifier and a channel amplifier of 
20 dB gain each. The amplified signals were low-pass filtered using an anti-aliasing 
filter and high-pass filtered with a roll-off at 8 Hz to reduce low-frequency ambient 
noise and increase the dynamic range of the logger.   The logger position was similar 
for all deployments with a depth ranging from 29 to 32 m (Table 5.2).  
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Table 5.2.Geographic positions and depths of underwater acoustic recorders deployed in 
Geographe Bay, WA, in 2010-2011 and 2013-2014. 
Year Latitude (S) Longitude (E) Seafloor depth 
(m) 
2010 33°32'51.66" 115° 6'29.28" 29.0 
2011  33°32'52.38" 115° 6'39.18" 29.0 
2013 33°32'33.00" 115° 6'39.42" 32.3 
2014 33°32'45.72" 115° 7'0.90" 30.0 
5.2.3. Data processing 
Because visual and acoustical surveys have different limitations, some considerations 
were necessary to process and subsample the data so detection probabilities could 
be compared. First, acoustical surveys were not dependent on good weather or 
daylight conditions; however, land-based visual surveys were. Consequently, 
acoustic data were subsampled to match days and times when visual data were 
collected. Second, there were differences in the detection range between the 
methods, with the area of acoustical detection larger than the area of visual 
detections. Areas were standardized so detection probabilities could be estimated for 
the same area and population sample. To inform the selection of the sample area, the 
area of detection for each survey method was estimated using a) propagation models 
and transmission loss estimates for acoustic surveys and b) fitting a detection function 
to land-based surveys.  
Acoustical detection mainly depends on the seafloor depth and composition, and 
signal characteristics (Au & Hastings 2008). The selected study area and 
corresponding detection range used in this study was based on propagation modelling 
and transmission loss estimates of blue and humpback whale vocalisations in 
Salgado Kent, Gavrilov et al. (2012). In Geographe Bay, the depth, flat seabed and 
seafloor composition resulted in estimation of sound transmission up to 20-30 km and 
6-10 km for humpback and pygmy blue whales, respectively (Salgado Kent, Gavrilov
et al. 2012). Considering that the maximum detection range for visual observations 
based on height of the station was 15 km, there was considerable overlap in 
observations using the two survey types in the area of study. Standardization of the 
study area was based on minimising the influence of range on detection. In other 
words, the study site included the area in which whales could be confidently detected 
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acoustically and visually by a trained observer if (1) the whales were available to be 
detected, and (2) the observer was looking in the right direction (during visual surveys) 
and attentively listening and reviewing spectrograms (for acoustic surveys).  
 
A radius of 3 km around the recorder was defined as the ’Study Area’, which included 
a 19.7 km2 circular area off Pt Piquet (Figure 5.1). This radius in the study area 
corresponded to signals that had an SNR higher than 8 dB regardless of the species 
(Salgado-Kent, Gavrilov et al. 2012). These signals could easily be distinguished from 
background noise. An SNR of 8 dB corresponded to 6 km from the 50 m hill for visual 
surveys.  
 
5.2.3.1. Acoustical data 
Acoustical data were processed with CHORUS (Characterisation Of Recorded 
Underwater Sound), a Graphical User Interface running in MATLAB (The MathWorks, 
Inc.) and developed by CMST (Gavrilov & Parsons 2014). Signals produced by blue 
and humpback whales were manually searched for by plotting power spectral density 
(PSD) plots for each sample. Spectrograms were produced in a frequency range of 6 
Hz to 4 kHz (depending on the sampling frequency) by Fourier-transforming the 
recorded pressure time series in a Hamming window of 1 s or 0.5 s overlapping either 
50 or 90% (see Chapter 3 additional for details).   
Humpback and blue whale signals were identified based on their frequencies and 
using catalogues and descriptions from published literature (Silber 1986; Mellinger et 
al. 2003; Simao et al. 2005; McDonald et al. 2006; Dunlop et al. 2007; Oleson 
Calambokidis, Burgess et al. 2007; Zoidis et al. 2008; Gavrilov et al. 2011; Stafford et 
al. 2011; Salgado-Kent, Gavrilov et al. 2012; Rekdahl et al. 2013; Recalde-Salas et 
al. 2014; Fournet et al. 2015; CMST unpublished call catalogues, Chapter 2).  
Signals were classified into sound types including song and non-song. Song was 
identified as a patterned sequence of notes or units (Clark 1982; McDonald et al. 
2006), while non-song vocalisations were single units that did not follow a repetitive 
pattern (Clark 1982; Dunlop et al. 2007; Oleson, Calambokidis, Burgess et al. 2007).  
Catalogues of non-song sounds for humpback and blue whales were also used to 
help with their identification (Silber 1986; Simao et al. 2005; Dunlop et al. 2007; Zoidis 
et al. 2008; Rekdahl et al. 2013; Fournet et al. 2015).  Because humpback whale song 
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changes every year, a seasonal template was developed for each year to help identify 
singers and non-song sounds (see Chapter 3).    
After identifying and classifying the sounds, the number of groups vocalising in a 
sample was estimated. A group was defined as whales within less than 100 m of each 
other, travelling together and with coordinated behaviour (Morete et al. 2007). Groups 
can be singleton or composed by multiple animals. The number of groups was chosen 
over number of individuals vocalising because with a single stationary recorder it was 
not possible to identify which individual within a group was vocalising. This scale was 
also preferred over estimation of individuals based on cue counting as done in other 
studies (e.g., Marques et al. 2011; Martin et al. 2013) because it could not be assumed 
that all individuals had the same vocalisation rates (See Chapter 3 for additional 
information). Consequently, the number of groups vocalising was assessed based on 
behavioural attributes of the species described below.  
For song, the presence of multiple songs in the sample were assumed to be vocalised 
by different groups. This assumption was made based on the knowledge that singers 
generally sing alone and tend to stop singing in the presence of other males or adults 
(Tyack 1981; Payne et al. 1983; McDonald 2006). Groups producing song in a sample 
were distinguished from one another based on a combination of conditions, including: 
different phrases been sung at the same time, overlap of song units in a spectrogram 
and differences in SNRs of sounds. Non-song sounds were assumed to be produced 
by different groups than those vocalising song based on the same rationale as above. 
When multiple non-song sounds were observed in the same sample, these were 
assigned to different groups when SNRs of the sounds in the spectrogram were 
clearly different, or the sounds were overlapping. A complete description of methods 
and the limitations to estimate number of groups in a sample is presented in Chapter 
3.  
Data was organised in a database that included date, time, number of vocalising 
groups, sound type, etc. Considering that temporal autocorrelation was identified in 
consecutive recordings made over several hours in Chapter 3, recordings were 
grouped per day in morning and afternoon (AM/PM) blocks. Recordings within a block 
were numbered in chronological order. This was undertaken as part of the statistical 
design to easily identify samples that likely were autocorrelated and those likely free 
of a correlation structure (see section 5.2.4).   
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5.2.3.2. Land-based data 
Daily databases were directly exported from Cyclops or VADAR in CSV format and 
combined into a single Excel database for all years. Observations of joint and/or split 
groups were discarded to avoid double counting groups. Only those observations 
within 6 km of the land-based station were included in analysis so that the area of 
visual observations was standardized with that of acoustic surveys.  
Each observation included the following information: Date, year, time of observation, 
group composition (e.g., singleton, mother-calf, etc.), behavioural state (e.g., 
travelling, milling, surface activity, surface passive), observation cue (e.g., dorsal fin, 
breach, fluke), group name (e.g., A, B, C, AA, etc.), weather information (Beaufort, 
wind speed, swell height, etc.), and presence of vessel. An additional column was 
created to indicate the acoustic sound type that might be associated with groups 
observed based on their group composition. For example, “possible singers” 
corresponded to those groups composed of a single individual and groups of mother-
calf pairs with a single confirmed escort. “Possible non-singers” were groups 
consisting of mother-calf pairs, multiple adults and groups of mother-calf pairs with 
multiple escorts. This classification was only undertaken for humpback whales. For 
blue whales only one group was observed at a time in the study area on almost all 
occasions.  
The visual data were organised as samples in the same way the acoustic data were; 
with visual observations beginning at 7.30 am corresponding to acoustic recordings 
beginning at 7:30 am, visual observations beginning at 7:45 am corresponding to 
recordings beginning at that time, and so on). Blocks and consecutively numbered 
samples within blocks were also allocated to visual observation data.     
 
5.2.4. Probability of acoustical detection 
Detection probabilities were estimated separately for humpback whales producing 
song, humpback whales producing non-song sounds and blue whales (song and non-
song producers, together) using an extension of the generalized binomial N-mixture 
model for repeated count data for migratory species (Chandler et al. 2011). This 
model is a generalization of the N-mixture model developed by Royle (2004) and 
integrates emigration processes (Chandler et al. 2011).  
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The N-mixture model is frequently used to analyse spatiotemporal data where 
detections of species are made at different sites over time (e.g., Dail & Madsen 2011; 
Dénes et al. 2015; Tozer et al. 2016), thus the sampling design includes temporally 
replicated counts (Royle 2004). Here, the model was adapted from the standard multi-
site sampling approach to sampling at the same site at different times of the seasonal 
whale migration through the area. Firstly, independent ‘sites’ (x) referred to in Royle 
(2004) are here defined as 3-hour time blocks that represented a unique sample of 
the population migrating through the study area. Time blocks were considered 
independent (see Royle 2004) based on the fact that the average travel times for 
humpback or blue whale groups to traverse the ~6 km monitoring area was less than 
the minimum 3-hour period between time blocks. The average time for whales to 
traverse the study area was estimated from theodolite tracking data of all groups 
(humpback and blue whale), and was 3.09 hours for humpback whales and 2.5 hours 
for blue whales. Secondly, ‘visits’ or repeated counts (j) as referred to in Royle (2004) 
corresponded to the 13.3 or 23 minutes recording samples within 3-hour time blocks 
(equivalent to ‘site’ in Royle 2004). The model here used a multi-year approach where 
‘visits’ (which are recording samples in this study) were carried out within each time 
block (‘sites’) during ‘T’ years of sampling. The model further assumed that within year 
abundance within a time block remained constant (Fiske & Chandler 2011).  
 
The model used in this study, as described by Chandler et al. (2011), had three 
hierarchical levels. The first described the total number of individuals potentially using 
time blocks within the migratory year. This is commonly referred to as the abundance 
process. The second described the proportion of the total groups present within time 
blocks on a particular visit (i.e., recording sample) during surveys Chandler et al. 
(2011), which is commonly referred to as the availability process. The third described 
the proportion of detected groups given they were available for detection during each 
visit, which is commonly described as the detectability process (Chandler et al. 2011; 
Tozer et al. 2016). The hierarchical structure of this model allows an evaluation of the 
influence each process (population, availability and detectability processes) and its 
variation independently to then combine their influence as a single detection 
probability. By modelling each process independently, different ecological, biological, 
environmental and technical characteristics can be added to the detection probability 
estimation. This also reduces uncertainty and bias in final estimations because model 
assumptions are reduced. For example, distance sampling methods only consider the 
detectability process in the estimation of the detection probability (Buckland et al. 
2001). Therefore, the model assumes an availability of 1 (individuals are there and 
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available to be detected) during the survey. This assumption may not be true for the 
entire duration of the survey because individuals may either not be present within the 
survey area at the time of sampling or may not produce a cue that makes them 
available to be detected. By assuming that all individuals are producing a cue at the 
time of the survey (i.e. available to be detected), the detection probability will be 
biased. Although, hierarchical models have their own set of biases (see Duarte et al. 
2018 for a full review), they allow for each component of the detection process to be 
modelled independently and flexibility in additional input variables. Therefore, 
hierarchical models are considered a good option to estimate the detection probability 
of acoustic counts. These models assume population closure (no emigration, 
immigration, births, or deaths) over each visit (i.e., recording samples in this study) 
within a sampling year (a ‘primary occasion’). However, immigration and emigration 
can occur over sampling years. In addition, the models assume that no individual is 
double counted during a visit and detection is independent between individuals.  
 
The first level, the abundance process, was represented by the distribution of the 
superpopulation of size (Mi) at each time block (‘site’) i within a year. To clarify, the 
superpopulation of size (Mi) was the total number of groups visually observed within 
each time block (‘site’) over the sampling year and that could be available and 
detected (if available). This level was denoted by f(Mx | λ) as in Chandler et al. (2011). 
The distribution of this parameter was assumed as an outcome of a Poisson 
distribution for humpback whales and negative binomial distribution for blue whales, 
with mean λ (Royle 2004; Chandler et al. 2011).  
 
For the second hierarchical level, the availability process (), Nxt was the proportion 
of the superpopulation (Mi) that was vocalising (available) within each time block 
(‘site’) during a year. In addition, for this level, the emigration model of Kendal et al. 
(1997) was applied; which is defined as g(Nxt | , Mx), where g is described as a 
binomial probability (Nxt ~ Binomial (Mx, )) and emigration is assumed at random 
(Kendall et al 1997, Chandler et al. 2011). Since the acoustic counts are of vocalising 
groups that migrate through the study area, this process is a function of both sound 
rate and immigration / emigration. Finally, models did not account for groups that did 
not vocalise at some point during the 3-hour time blocks ( = 0). Consequently, 
because the acoustic counts were of vocalising groups only, the availability parameter 
() represented the proportion of Mi that was present and producing sound during the 
3-hour time block.  
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For the availability process, it was assumed that all groups in the superpopulation had 
the same likelihood of vocalising at any time within a time block. However, because 
of the known difference in vocal rates (Chapter 3) between cohorts that produce song 
and non-song sounds, song and non-song counts were modelled separately. Since 
blue whales had low overall counts, separate models for song and non-song counts 
were only possible for humpback whales. To assess the influence of various 
conditions on the availability process, the following covariates were included in the 
models: Julian day, year and maximum number of groups visually and acoustically 
detected in the time block.  These variables were selected because the vocal rate 
may vary with day, year and number of groups visually present. The latter was to 
consider influence of abundance where a greater number of whales in an area may 
increase the number of available vocalising groups. The number of humpback whale 
groups visually present was divided in cohorts associated with either song or non-
song, respectively. Groups composed of one individual or mother-calf plus one escort 
were noted as being potential singers and the maximum number observed in the time 
block was used for the song-based model; the non-song model included the maximum 
number of groups of mother-calf, mother-calf plus multiple escorts and competitive 
groups. Even if blue whale counts were modelled separately for song and non-song 
sounds, this distinction could not have been made because there was insufficient 
behavioural information associated with sound types available. Consequently for blue 
whales, the maximum number of groups visually detected was estimated as the total 
number of pygmy blue whale groups present in the area at the time of the survey, 
regardless of the composition and sound likely to be produced by the group.  
The third hierarchical level (detectability process (Pd)) refers to the proportion of 
groups that were detected given available (Chandler et al. 2011, Tozer et al 2016). 
The counts were derived from each 13 or 20 minutes recording within a time block. 
This process was modelled as a function of a range of covariates including: number 
of groups visually observed in each repeated count (the 13 or 23 minutes long 
samples), sea state, presence/absence of vessels, consecutive visit index 
(consecutive recordings), Julian day, year, and overall mean SNR of sound energy 
within whale vocal frequencies over the duration of the recording sample (estimated 
per methods in Chapter 4). The number of groups visually observed during each 
repeated count was included in the model to assess whether detection varied with 
overall numbers visually observed. Sea state and vessel presence/absence were 
included in the model because these influence the noise environment which can 
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potentially mask and reduce the detectability of whale vocalisations. The consecutive 
visit index (e.g., 1, 2, …n, within a time block) allowed for an assessment of whether 
detectability changed as a function of sampling occasions, with some years having 
fewer sampling occasions of longer duration (6 occasions of 23 minutes durations) 
and some having more sampling occasions of shorter duration (13 of 13 minutes 
durations). Previous studies have suggested that detectability may increase when 
short and consecutive listening periods are used instead of long listening periods 
(Thomisch et al. 2016), the number consecutive visit index was in this study, a 
representation of that assumption. Year was included to account for potential changes 
in season-related aspects of the environment that may cause masking, such as the 
overall abundance and behaviour of vocalising whales, environment, and human 
activity. This level was represented as h(уxt | p, Nxt), where h is a probability function 
and уxt is a binomial outcome that represents each survey time block for each year 
divided into a number of samples (‘visits’) during which counts were made.  
 
The probability of detection was modelled in two steps. First, availability and 
detectability with covariates were modelled independently using a forward stepwise 
approach to identify which covariates influenced each process. The models with the 
lowest Akaike information criterion (AIC) score were selected as the best models. 
Second, the overall detection probability was modelled using the best model identified 
for the availability and detectability processes. The final model was that with the best 
fit for detectability, availability and abundance processes identified by the lowest AIC 
(Fiske & Chandler 2011; Kéry & Royle 2016; Tozer et al. 2016). The overall fit was 
assessed using parametric bootstrap methods, chi-square and Freeman-Tukey tests 
(Kéry & Royle 2016).   
The model was fitted using the R package unmarked (Fiske & Chandler 2011). The 
package uses a specific matrix format, thus the global acoustical database was 
divided in three independent matrices: one including the abundance process (acoustic 
counts), the second including the availability process covariates and the third 
including the detectability process covariates. Year was the “primary period” included. 
There were a total of 32 time blocks (“sites”), 6 or 13 repeat visits depending upon the 
sampling year (to standardise the matrices, the highest number of visit was included), 
and four migration years. A global matrix was built by combining all three databases 
using the function unmarkedFrameGPC. Models were fitted using the function 
gpcount. Probabilities for the detectability and availability processes and the 
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combined detection probabilities were estimated using the predict function and plotted 
as a function of significant covariates using the package ggplot2 (Wickham 2009).   
5.3. Results 
A total of 32 time blocks (‘sites’) per year over the period of whale migration within 
Geographe Bay were used for modelling. Humpback whale groups were acoustically 
detected 393 times over the four years of data collection. Pygmy blue whale groups 
were acoustically detected 103 times during the same period.  
The number of humpback whale groups detected per sampling occasion varied 
between 0 and 7 for song and 0 and 3 for non-song (Table 5.3). In contrast, 1 to 2 
groups of pygmy blue whales singing or producing non-song sounds were counted 
per sampling occasion (Table 5.3).  
Table 5.3. Frequency distribution of the total number of humpback and blue whale groups 
detected producing song and non-song sounds per sampling occasion (‘visit’).  
Number of detections per sampling occasion 0 1 2 3 4 5 6 7 
 Humpback whale 
Song  153 98 125 87 24 13 4 2 
Non-song sounds 364 125 15 1 0 0 0 0 
Pygmy blue whale 
Song  482 20 2 0 0 0 0 0 
No-song sounds 416 68 20 0 0 0 0 0 
Overall detection probabilities resulting from N-mixture models varied for humpback 
whale groups that produced song, humpback whale groups that produced non-song 
and pygmy blue whale groups that produced song and non-song combined. The 
highest detection probability corresponded with the cohort of humpback whale groups 
that produced song. Detection probabilities for both species are summarised in Table 
5.4.  
Table 5.4. Detection probabilities based on N-mixture models for humpback and blue whales 
using acoustic sampling methods.  
Species and cohort Estimated detection probability 95% CI SE 
Humpback whales that produce song 0.90 0.71 - 1.0 0.10 
Humpback whales that produce non-song 0.15 0.03 - 0.29 0.03 
Blue whale song and non-song combined 0.14 0.07 - 0.40 0.05 
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The parametric bootstrap to define whether detection probability models had or did 
not have a good fit was run with 100 replicates and these were sufficient for good 
model fit (Kéry & Royle 2016). Influences on detection probabilities are discussed in 
detail for each species below (Sections 5.31 and 5.3.2). 
 
5.3.1. Humpback whale group acoustic detection probabilities  
 
The overall estimated detection probability for the cohort of humpback whales that 
produced song was 0.9 (Table 5.4). The parametric bootstrap indicated a good fit for 
this model (see supplementary material 5.6.1.1.).   
 
Availability and detectability processes were significantly influenced by year and 
Julian day; while the number of consecutive surveys only significantly influenced the 
detectability process. Overall, detection probability decreased with Julian day and 
over the years. The number of visually observed groups that were potential singers 
and sea state did not significant influence either the detection or availability processes 
(Table 5.5, Figure 5.2).  
 
Table 5.5. Summary of N-mixture model outputs including variables influencing the detection 
probability of humpback whale groups that produce song. 
Process Variable in the model Estimate SE Z P(>|z|) 
 
 
Availability (Ф) 
Intercept 
No. max. groups visually observed in a 
time block (potential singers) 
Julian day 
Year 2011 
Year 2013 
Year 2014 
-2.82 
-0.05 
 
-0.23 
-0.66 
-0.66 
-2.03 
0.15 
0.10 
 
0.11 
0.23 
0.26 
0.40 
-19.50 
 - 0.54 
 
 - 2.94 
 - 2.89 
 - 2.50 
 - 5.03 
<0.001 
  0.590 
 
<0.001 
<0.001 
  0.011    
<0.001 
Detectability (Pd) Intercept 
Sea state 
No. groups visually observed in a ´ visit’ 
(potential singers) 
No. consecutive recordings  
Julian Day 
Year 2011 
Year 2013 
Year 2014 
 1.02 
-0.03 
 0.04 
 
 0.26  
-0.50 
-0.33 
-1.19 
 1.82 
0.14 
0.10 
0.06 
 
0.07 
0.15 
0.21 
0.33 
0.41 
    7.27 
-  0.25 
-  0.60 
 
   3.81 
 0.15 
- 1.60 
-  3.63 
-  4.48 
<0.001 
  0.803 
  0.549 
   
<0.001 
<0.001 
  0.110 
<0.001 
<0.001 
AIC                                                    
No. optimum iterations 
624.16 
32 
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Figure 5.2. Mean availability (Ф), detectability (Pd) and detection probability for humpback whale 
groups that produced song as a function of year, sea state, Julian day and number of visually 
observed groups potentially singing. Shading represents 95% confidence intervals. 
___________________________________________________________ 
 
The expected detection probability for the non-song cohort was lower (0.15) than for 
the singing cohort (Table 5.4). The parametric bootstrap indicated a good fit for this 
model (see Supplementary Material 5.6.1.2.).  The detectability and availability 
processes were significantly influenced by the number of groups visually observed 
that were potential non-song sound producers. Julian day, however, was only 
significant in the availability process. The number of visually observed groups had a 
positive influence on availability. Julian day in contrast had a negative influence on 
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availability. Year and number of consecutive recordings were not significant (Table 
5.6, Figure 6.3).  
 
Table 5.6. Summary of N-mixture model outputs including variables influencing the detection 
probability of humpback whale groups that produce non-song sounds. 
Process Variable in the model Estimate SE Z P(>|z|) 
 
 
Availability 
(Ф), 
Intercept 
No. max. groups visually observed in a time  
block (potential non-song sound producers) 
Julian day 
-2.80 
 0.36 
 
-0.55  
0.27 
0.11 
 
0.15 
-10.31 
   3.14 
 
 -3.62 
<0.001 
<0.001 
 
<0.001 
Detectability 
(Pd) 
Intercept 
No. groups visually observed in a ´visit’ 
   (potential non-song sound producers)  
No. consecutive recordings  
Year 2011 
Year 2013 
Year 2014 
-2.02 
 0.04 
 
 0.13 
 0.17 
 0.20 
-0.24 
0.30 
0.08 
 
0.08 
0.34 
0.32 
0.34 
-6.56 
 0.44 
 
 1.52 
 0.49 
 0.61 
-0.71  
<0.001 
   0.063 
    
   0.127 
   0.620 
   0.540 
   0.481 
AIC                                                    
No. optimum iterations 
307.34 
98 
   
 
 
Figure 5.3. Mean availability (Ф), detectability (Pd) and detection probability for humpback 
whale groups that produced non-song sounds as a function of Julian day and number of 
visually observed groups potentially vocalising non-song sounds. Shading represents 95% 
confidence intervals. 
____________________________________________________ 
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5.3.2. Pygmy blue whale group acoustic detection probabilities   
Detection probability of pygmy blue whale groups using acoustics was similar to that 
of the cohort of humpback whale groups that produced non-song sounds. Because 
the sample size was small, especially for song, the analysis was carried out for all the 
data combined. The overall detection probability for pygmy blue whales was 
estimated to be 0.14 (Table 5.4). The parametric bootstrap indicated a good fit for this 
model (see supplementary material 5.6.2.).   
 
The detection probability, including availability and detectability processes, had a 
positive significant association with the number of visually observed groups. Year, sea 
state and the interaction between year and number of consecutive recordings also 
significantly influenced the detectability process, albeit to a lesser degree. Sea state 
was negatively associated with detection probability. Year was positively associated 
with detection probability; with 2011 corresponding to a year in which large numbers 
of groups were visually observed. Julian day and number of consecutive recordings 
were not significant influences in the availability and detectability processes (Table 
5.7), except in 2013.  A significant, albeit small, positive association was observed 
between the detectability process and the number of consecutive recordings in 2013.  
 
Table 5.7.Summary of N-mixture model outputs including variables influencing the detection 
probability of pygmy blue whale groups detected vocalising. 
Process Variable in the model Estimate SE Z P(>|z|) 
 
Availability 
(Ф), 
Intercept 
No. groups visually observed in a time block 
Julian day 
-3.51 
 0.19 
-0.23  
0.20 
0.14 
0.19 
-17.49 
   1.29 
  -1.18 
<0.001 
  0.001 
   0.237 
 
 
 
 
Detectability 
(Pd) 
Intercept 
Sea state 
No. groups visually observed in a ´visit’ 
Consecutive recordings 
Year 2011 
Year 2013 
Year 2014 
Consecutive recordings*Year 2011 
Consecutive recordings *Year 2013 
Consecutive recordings *Year 2014 
 
Dispersion (log-scale): 
- 1.85 
- 0.45 
  0.23 
- 0.22 
  1.18 
  0.46 
  0.74 
  0.28 
  0.96 
  0.37 
 
11.6 
0.40 
0.21 
0.14 
0.29 
0.44 
0.56 
0.62 
0.34 
0.43 
0.37 
 
23.4 
- 4.55 
- 2.13 
  1.72 
 - 0.77 
   2.67 
   0.82 
   1.20 
   0.82  
   2.23 
   1.02 
  
  0.50 
<0.001 
  0.003 
  0.002 
  0.444 
<0.001 
  0.414 
  0.229  
  0.414 
  0.002 
  0.310 
  
 0.619 
AIC                                                    
No. optimum iterations 
 157.11 
  112 
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Figure 5.4. Mean availability (Ф), detectability (Pd) and detection probability of pygmy blue whales 
vocalising as a function of Julian day, year, sea state and number of visually observed groups 
potentially producing sounds. Shading represents 95% confidence intervals. 
_____________________________________________________ 
 
5.4. Discussion 
 
Estimating detection probabilities of a species during its annual migration can be 
complicated by the variability in species’ behaviour (individual and among cohorts), 
environment, emigration and immigration (Kwon et al. 2018). This study provides 
insight into temporal, behavioural and ecological conditions influencing detection 
probabilities of baleen whale groups producing different sound types in a migratory 
area. The baleen whale species included in this study were pygmy blue and 
humpback whales. The mean detection probability varied between species and 
cohorts producing different sound types (song and non-song sounds), with the highest 
detection probability (>0.7) associated with humpback whale groups that produced 
song. Detection probabilities of humpback whale groups that produced non-song 
sounds, however, were similarly low (<0.4) to those obtained for pygmy blue whales.  
 
In general, detection probabilities of rare species (e.g., pygmy blue whales) are low. 
For some terrestrial species such as the elusive raptor, the mean detection probability 
was estimated to be 0.207 given availability assumed to be 1 (Murn & Holloway 2006). 
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In this study, detection probabilities were comparatively lower, except for the 
humpback whale cohort that produced song. This difference may be explained by the 
availability not assumed to be 1 which likely contributed to lower overall detection 
probability values. In addition, other studies have suggested low sound production 
and faint calls as reasons for low detection probabilities, resulting in the animals being 
acoustical “invisible” (Akamatsu et al. 2014). This explanation is not relevant to this 
study because SNRs of all sounds were at least 8 dB above ambient noise.  
Overall, availability of baleen whales was relatively low, regardless of humpback 
whale cohort or baleen whale species, with values generally below 0.2. This 
corresponds with the relatively small proportion of the population that travels through 
the study area during a time block and the variability in vocal rates expected for baleen 
whales. Detectability, on the other hand, was high for the cohort of humpback whales 
that produced song (~0.75) in comparison with that producing non-song sounds 
(~0.12) and with pygmy blue whales (~0.10). This result was expected because of the 
variability in vocal rates among different group types and species. For humpback 
whales, these results can also be explained by differences in the visual and acoustical 
detection between cohorts as suggested for other species. Cohort specific differences 
have been reported for porpoises, in that acoustics was found to be more effective at 
detecting individual animals than groups of individuals which were more likely to be 
detected visually (Akamatsu et al. 2008). For humpback whales, females with calf and 
competitive groups were less likely to be detected acoustically than single singers 
since singers produce song over long periods of time. In contrast, these non-song 
sound producing cohorts had a higher likelihood of being detected visually because 
they spent more time at the surface and were available visually for longer periods of 
time. The low acoustic detections of the non-song sound cohort suggests that the 
recordings missed these vocalisations, either because of recording schedules being 
too short to capture them during visits or because their vocal rates were relatively 
infrequent when compared to singers (Silber 1986). Singers, in comparison, can be 
underwater singing for an average of 14 minutes yet be visually observed for less than 
2 minutes (Chu 1988). Consequently, the likelihood of acoustical detection for singers 
was comparatively high, but visual detection comparatively low.  
Considering both options (differences in visual vs. acoustical detection and ratio of 
vocalising vs. silent groups), it is possible that not all the visually observed groups 
were vocalising, or that some of the groups recorded vocalising were missed in the 
visual surveys and this was why the visual observation either did not influence the 
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detection probability (e.g., song) or when it did, the probability was low. Whether it is 
one or the other cannot be determined with the current data as matching of 
observations is not accurate with a single logger. As this is a limitation of the method, 
additional measurements using an acoustical array are suggested to better 
understand this relationship and to accurately estimate the ratio of silent groups.   
Low detection rates of non-song calls can also be caused by missed detection of a 
vocalising group due to masking from other sources or underestimation in the number 
of vocalising groups (e.g. counting two or more different groups as a single because 
both are at a similar distance of the recorder and produce sounds with similar SNR).  
For humpback whales, this sort of bias would have been more likely towards the 
beginning of the study period since whale numbers (and the number of vocalising 
groups) in the study site were greater than later in the study period. However, the 
chance of miss-detection is considered low because the sampling began after the 
peak in migration through the study area. In addition, the chance that this would have 
occurred in all recording samples within 3-hour blocks is highly unlikely as not all 
whales arrive and leave the area at the same time (unpublished data). The variation 
in time of arrival and departure from the study site and travel speeds would have most 
likely resulted in variation in ranges from the recorder (hence SNR values) among the 
recording samples. However, because this can cause biases in the analysis, further 
studies using an acoustic array are recommended to estimate the number of groups 
that are missed in such counts. Finally, masking and SNR-related biases discussed 
here are not considered to have influenced blue whale detection rates because in 
most occasions only one blue whale group was observed in the area at a time. For 
masking on non-song sounds by song, even if multiple blue whale groups had been 
present at the study site simultaneously, masking would not have occurred because 
pygmy blue whale song has a different frequency range than non-song vocalisations. 
A range of conditions in the environment influenced detection probability. The greatest 
influence was the abundance process for humpback whales, with a decrease in 
singing humpback whale cohort and increase in non-song producing humpback whale 
cohort detection probability over Julian days. This finding was consistent with the 
influence of temporal parameters in the detection probability of other migratory and 
resident species; including the ruddy turnstone Arenaria interpres (Kwon et al. 2018), 
the killer whale Orcinus orca (Riera et al. 2016), the white headed vulture Trigonoceps 
occipitalis and different species of marsh birds (Tozer et al. 2016). The influence of 
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conditions on the abundance, availability and detection processes of each species is 
discussed in detail below. 
 
5.4.1. Variability in detection probabilities for humpback whales  
Humpback whale detection probabilities differed between cohorts that produce 
different sound types, with song-producing cohorts having a higher detection 
probability than non-song sound-producing cohorts. This dissimilarity was expected 
considering the comparatively low vocal rates of non-song sounds and the 
predominance of singers in recordings. In exploring the components of detection 
probability, song and non-song sound producing cohorts had a low probability of being 
available; which suggests that, overall, the number of vocalising whales detected may 
not be representative of the number of whales that pass through the area. The 
detectability process, however, had a high probability for cohorts producing song and 
low probability for cohorts producing non-song sounds. Consequently, when groups 
were singing they were almost always detected; however, this was not the case for 
cohorts that produce non-song sounds. These, in contrast, were often not detected. 
This finding was expected since singers can vocalise over long periods of time, 
meaning that song may usually occur throughout a recording increasing the likelihood 
of detection. In addition, song is composed of multiple sound units produced in 
sequences (phrases and themes), one single unit can have a duration between 1 to 
5 s (Winn et al. 1981; Chu 1988) and a complete song can have a duration of at least 
5 to 7 minutes (Winn et al. 1981; Chu 1988, Guan et al. 1999). Consequently, more 
than one single unit can be produced in a 13 or 23 minutes recording which increased 
the likelihood of one singing whale to be detected. Conversely, non-song sounds are 
produced relatively infrequently and are not necessarily followed by a sequence of 
sounds (Silber 1986). This reduced the likelihood of being detected if the individual 
vocalises outside of the time of recording.  
The detection of humpback whale groups, regardless of whether they were song or 
non-song producing cohorts, was influenced by Julian day. However, a negative 
relationship for the singing cohort and a positive one for the non-singing cohort of 
humpback whales was observed. A negative association of detection probability with 
Julian day was expected in the abundance process, because yearly surveys began 
just after the peak of migration and lasted until the end of the migratory period when 
fewer groups were expected to be present; thus fewer whales were expected to be 
available towards the end of the season. As a result of song only being produced by 
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males, usually vocalising alone (Frankel et al 1995), and mostly migrating from the 
beginning to just after the peak of migration, detection probabilities of the singing 
cohort were expected to decrease over the migratory season. Although, it is likely that 
singers escort mother-calf groups (the last group to migrate through the study area), 
these group compositions (mother-calf-escort) were not regularly observed in 
Geographe bay (an average of 4 groups per season with a minimum of 0 and a 
maximum of 7; unpublished data). For the non-song sound producing cohort, it is 
likely that the positive association between detection and Julian day in the abundance 
process was a result of an increase in numbers containing mother-calf pairs in the 
area over the survey period. These groups, known to produce non-song sounds, are 
the last to arrive and migrate through Geographe Bay. Consequently, while the peak 
of singers may travel through earlier in the season, the peak of non-song sound 
producing whales may peak at the end of the migratory season. Some studies have 
suggested that mother-calf groups are less vocal than competitive groups (Silber 
1986). However, competitive groups were not commonly observed during the study 
(an average of 5 groups per season with a minimum of 3 and a maximum of 9), with 
most groups observed at the beginning of the survey. Consequently, it is difficult to 
attribute the higher detection probability of non-song sounds to presence of 
competitive groups within the study site. Another aspect that may explain the higher 
detection at the end of the season is song masking. A previously discussed, the 
presence of singer choruses is known to mask non-song sounds or make difficult its 
identification. However, considering that the seasonal survey started after the peak of 
migration, the number of singers observed in the recordings is relatively low and 
masking effect is reduced when compared with the peak of the season. Although 
masking by song has an influence in the number of non-song groups counted, this is 
considered low.     
Regardless of the cohort of humpback whales traveling through the study area, 
increasing Julian day was negatively associated with availability, which could be a 
result of a decrease in the immigration rate towards the end of the season, as 
suggested in previous studies (Kwon et al. 2018). Alternatively, a decrease in 
vocalising whales or vocal rates could be explained by changes in social context 
resulting from overall decreasing numbers of whales in the area. Some studies have 
suggested that a greater number of groups or individuals present in an area increases 
the vocal activity of individuals (Au et al. 2000). This is not necessarily true for all 
species and cohorts. For example, frogs often change from calling behaviour to non-
calling mating strategies in response to increments in chorus density (Leary et al. 
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2008). Considering that in addition to singing, humpback whales have other non-vocal 
mating strategies including aggressive physical competitive displays and escorting 
mother-calf groups (Baker and Herman 1984, Clapham et al. 1992), it is possible that 
the density of singers influences a change in the mating strategy. This behaviour is 
poorly understood in humpback whales but it should be considered as a possible 
influence on detection probability. There was some evidence for this in non-song 
sound producing whales, given there was a positive relationship between availability 
and numbers of potential non-song producing groups sighted visually in the area. 
There was no such evidence, however for the cohort of humpback whales that 
produced song. 
On a broader temporal scale, year-to-year variability in detection probability was 
expected for both song and non-song sound producing cohorts as a result of yearly 
changes in the timing of the peak of migration. Yearly variation in migratory timing has 
been well documented in humpback whales (e.g., Charif et al. 2001; Craig et al. 2003; 
Ramp et al. 2015; Erbe et al. 2015) and in other species (e.g., Oleson, Wiggins & 
Hildebrand 2007; Erbe et al. 2015; Kwon et al. 2018), including in Geographe Bay 
(Salgado Kent, Gavrilov et al. 2012; Salgado Kent et al. 2014). With the surveys in 
the study area beginning soon after the potential peak in migration, any yearly 
variations in the abundance process will affect overall detection probabilities. For 
example, if the peak in a particular year was in mid-October, the majority of potential 
singers may have already departed the area if a survey were to begin in early 
November. In contrast, if the peak was in late October, a greater number of singers 
would be expected in early November. This source of variation in detection among 
years may explain greater detection probabilities observed for the cohort of humpback 
whales that produced song in 2010 and 2011 than 2013 and 2014. Extended visual 
surveys have indicated earlier peaks in migration in 2013 and 2014 which may explain 
the yearly variation in detection (Western Whale Research, unpublished data). In this 
study, the number of detections of non-song sounds was much lower than that of 
song, and potentially contributed to an absence in variation in detection probabilities 
among years. Understanding annual variability in migration is important when defining 
the start and end of a survey because temporal variability can influence the presence 
of particular cohorts and potentially bias the observations.  
Other covariates were significantly associated with detection probability. In particular, 
detection of the non-song producing cohort of whales was positively associated with 
the number of groups visually observed that were potential producers of non-song 
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sounds. Consequently, as the number of these increased visually, so did their 
detection probability; and in particular their availability and detectability. This 
association may be explained by a shift in the social context associated with an 
increase in this cohort and decrease in the singing cohort within the study area. It is 
also possible that non-song sounds cohorts reduce the duration and vocal rate of 
some of their sounds or become quieter in the presence of singers (Dunlop 2016) 
which will affect their detection.    
The number of consecutive ‘visits’ was positively associated with detectability and 
detection probability for the song producing cohort of humpback whales. This is similar 
to results by Thomisch et al. 2016, who reported that frequent and short listening 
periods improve the detection of highly vocal species over few and long listening 
periods. For non-song sounds, which are short in duration and sporadically vocalised, 
number or consecutive visits was not a significant factor influencing the detection 
probability. This contrasts with previous studies analysing occupancy of rare raptors 
that identified the number of visits as a key factor that positively influenced the 
detection probability in terms of the species presence (Murn & Holloway 2016).  
 
5.4.2. Variability in detection probabilities for pygmy blue whales 
Similar to humpback whales, the detection probability for pygmy blue whales was 
influenced by Julian day, the number of groups visually observed, and to a lesser 
degree the number of consecutive ‘visits’ in each time block. The results obtained in 
this study were similar to those obtained in previous studies that found Julian day 
influencing the detection rate of song and ‘D’ calls (Oleson, Wiggins & Hildebrand 
2007). In the present study, the influence of Julian day was mainly on the availability 
process, which is related to immigration/emigration and vocal rates. In this study, it 
was not possible to distinguish between these sources nor to assess the availability 
of different cohorts that produce different sound types due to the overall low numbers 
of detections. Oleson, Wiggins & Hildebrand (2007) found that the number of acoustic 
encounters varied between sound cues (song units and ‘D’ calls), which differed in 
the timing of peak encounters. It is possible that a similar pattern in different sound 
types occurs in Geographe Bay; however, additional research is required to improve 
our current understanding of pygmy blue whale detection probabilities of different 
sound types in the study area.  
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In terms of the association between numbers of groups visually observed and 
detection probability, a significant positive relationship was observed in both the 
availability and detectability processes. Previous studies have suggested that 
detection rates of ‘D’ calls (the most common sound observed in this study) were 
associated with increasing numbers of visually observed groups (Oleson, 
Calambokidis, Barlow et al. 2007).  Consequently, as numbers increase in the area 
and the social context changes, vocalisation rates may increase (availability) which 
may also influence to likelihood of detection given that they are vocalising 
(detectability).  
While most years were not associated with a change in detection probability, this 
significantly increased from <0.3 to 0.4 in 2011. The year 2011 coincided with the 
greatest number of visually observed groups. It is possible that an increase in 
detection values may be associated with conditions amenable to detection, such as 
increased vocalisation rates or increased sound levels of vocalisations.  
In comparison to humpback whales, the number of consecutive visits did not 
significantly influence the detection probability of blue whales, except in 2013. 
Considering that the detection probability estimated in 2013 was higher than the 
calculated in 2010, and both had similar numbers of visually observed groups, it is 
possible that the difference was caused by the longer recording schedules used in 
2013 that increased the likelihood of detecting the species even in low numbers. 
Previous studies have indicated that longer recordings (fewer numbers of consecutive 
samples) perform better for ‘quieter’ species such as beaked whales, with the 
exception of species that are constantly vocally active (Stanistreet et al. 2016). It is 
likely that longer recordings perform better in the detection process of less vocally 
active species than shorter recordings. Additional observations and analysis are 
required to improve current knowledge on detection probabilities of ‘quieter’ and more 
vocally active species.  
With regard to the influence of ambient noise on detection probabilities, previous 
studies identified improvements in detection probabilities of ‘D’ calls under low 
ambient noise associated with low sea state and wind speed (Simard et al. 2008). In 
this study, sea state significantly negatively influenced detectability. It is likely that as 
background noise increased with sea state, vocalisations with relatively low SNRs 
may not have been detected. 
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5.4.3. Influence of anthropogenic sources on detection probabilities of baleen 
whales  
In previous studies, anthropogenic noise as produced by vessels has been reported 
as a significant influence on the detection and the vocal rate of baleen whales. Noise 
generated by vessels and seismic surveys has reportedly decreased the number of 
humpback whale singers (Cerchio et al. 2014), changed singing activity (Sousa-Lima 
& Clark, 2008), or masked the ‘D’ calls of pygmy blue whales (Simard et al. 2008). In 
this study, however, the presence of vessel noise did not significantly influence 
detection probabilities of humpback and pygmy blue whales. The differences in the 
results of this study may be explained by the duration and frequency range of the 
source of noise and the sounds produced by whales. For example, ambient noise 
produced by travelling recreational vessels (like those in Geographe Bay) is generally 
short lived and can last for less than a minute, relative to humpback whale song that 
can have a duration of over 20 minutes. Consequently, the overall detection of singers 
is generally not expected to be significantly impacted by masking, particularly if this is 
infrequent. This may be of concern in areas where the vessel density is high and 
activity is constant and the main contributor of underwater noise.  
It was expected that vessel noise would have some impact on detectability of non-
song sounds because of their short duration, however, this was not the case. It is 
possible that the impact of masking of these signals was negligible in this study, 
because the data were manually reviewed and groups in the study area were those 
with overall high SNRs. This approach likely reduced the missed detections caused 
by masking of vessels, thus vessels were not significant. Since manual approaches 
to data processing tend to be time consuming, auto-detectors are frequently used. In 
these cases, the influence of masking from anthropogenic sources may need to be 
carefully considered to avoid detection bias and false negatives. In addition, because 
the detection probability was not influenced by the number of vessels, it appears that 
vocal rate (as a function of the behaviour of whales) of either species may have not 
been affected by this anthropogenic source (see Chapter 3).   
 
5.4.4. Model assumptions 
The use of N-mixture models for detection probability and abundance estimation has 
been increasing in recent years with the extension of the basic model to handle over-
dispersion, open population assumptions and variability in survey frequency. These 
modifications have provided some advantages over established methods such as 
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distance sampling or capture-recapture methods (Dénes et al. 2015, Ficetola et al. 
2018; Kwon et al. 2018); namely the potential to incorporate survey, species, 
behaviour and temporal variables in each process of the detection independently. 
Recent studies, however, have also raised awareness of the overfitting problems that 
can occur and limitations when using these models, particularly in relation to model 
assumptions (see Marques et al. 2013; Dénes et al. 2015; Duarte et al. 2018; Kéry 
2018; Link et al. 2018). Limitations in relation to assumptions are discussed below.    
The first assumption of N-mixture models is that individuals are not double counted 
within a visit. Double counts of groups with singers were considered highly unlikely 
given that song produced by a singer is generally continuous and of relatively constant 
energy level, thus easily tracked through a recording. Groups producing non-song 
sounds are also unlikely to be double counted within a visit because of their short 
duration and number of repetitions observed. Usually, non-song sounds were 
observed for a brief continuous period of time (usually less than 2 minutes).  
In addition, individuals are assumed to be detected independently from each other. 
Because whales are social animals, their behaviours such as vocalisation rates may 
influence one another. Consequently, if increased vocalisation of one animal results 
in the increased vocalisation of another, then increased availability and detectability 
may occur in association with an increased availability and detectability of another. 
Conversely, increased vocal activity of one group could decrease the vocal activity of 
another. In cases where large numbers of vocalisations are present in a recording, 
partial masking could also have a potential effect on the detectability of certain groups. 
This is a particular concern for non-song sounds of humpback whales during the peak 
of migration because of the relatively high number of singers. Because this study 
occurred just after the peak of migration, the frequency at which singers may mask 
other groups was probably low. There may have been some inter-dependence that 
was unavoidable in this study, as it is likely to occur with any social species. 
Consequently, further research is recommended to investigate the influence of group 
interactions on detection probability (availability and detectability) and the implications 
of violations of this assumption on model outputs.  
N-mixture models also assume that no movement of individuals occurs among sites
(time blocks in this study) during the primary time period (within a year). In this study, 
careful consideration was made to define time blocks in such a way as to ensure that 
whales would have transited the study area completely before ‘visits’ were made 
during a subsequent time block. This was supported by visual observations of tracked 
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humpback and blue whales and the estimation of speed of travel to define time blocks 
(‘sites’). Although it is likely that some groups travelled more slowly (i.e., singers can 
move more slowly than non-singing males; Noad et al. 2007), these differences were 
considered when defining the time blocks. Considering that slower whales can take 
more than three hours to cross the area of study, a three hour-gap was used between 
time blocks to allow for these groups to finish transiting the area. This time difference 
reduced the likelihood of the same whale occurring in subsequent ‘visits’. In addition, 
visual observations indicate that all groups, regardless of which of the two species, 
travel through the study area in a westerly direction. No visually tracked whale 
remained within the area beyond the time required to transit it (average of 2-3 hours). 
Once whales transiting the study area have reached the furthest westerly point on 
land, Cape Naturaliste, they are known to round the cape and then travel south 
towards the sub-Antarctic (Burton, pers. comm. and pers. obs.). In fact, studies using 
satellite tagging of humpback whales have indicated that there is little or no 
meandering, at least for females, in areas south of the northerly breeding ground in 
Pender Bay, northwest of Australia (Double et al. 2010). For blue whales, satellite 
telemetry information has shown residency times of several days in the Perth Canyon 
(Double et al. 2014), a foraging ground north of Geographe Bay; however, whales in 
Geographe Bay have only been observed transiting or resting for short periods of time 
(Salgado-Kent et al. 2014). Behaviours observed in the area, including relatively fast 
average swim speeds, constant direction of travel, absence of milling, and regular 
dive and interval times match those of traveling whales on migration. Consequently, 
it is highly unlikely any group of whales observed in the morning were the same as 
groups observed in the afternoon. Therefore, the assumption of no movement of 
individuals between ‘sites’ (time blocks in this study) was considered to be satisfied.  
Another assumption of the N-mixture model is that individual survival and recruitment 
rates are comparable and independent among sites during the secondary period. 
Previous simulation studies have suggested that movement or mortality rates vary as 
a function of population density and bias can be expected if a model ignores density 
dependency (Bellier et al. 2016). Survival and recruitment rates, whether density 
dependent or not, were not considered as relevant in time blocks in Geographe Bay 
since individuals do not stay in the area for significant periods of time. Migrating 
groups or individuals may stay for short periods of time (a few hours) to rest but not 
for much longer. However, the implications of potentially violating this assumption 
should be considered in areas with longer residency times such as breeding or 
feeding grounds.    
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The final consideration of the model is that the variables account for all heterogeneity 
in the detection probability. This assumption is complicated given the amount of 
factors that can cause heterogeneity (e.g. individual behaviour, environmental 
stochasticity). Here, although many co-variates were included for both the availability 
and the detectability processes to fulfil this assumption, it is possible that there is still 
some unmodelled heterogeneity that may bias the results. For example, the effect 
caused by unmodelled individual / group heterogeneity could not be assessed (a 
larger data set is required), this is recommended for future work where possible. 
Furthermore, other studies have included variables of the survey design in the 
analysis to reduce the impact of unmodelled heterogeneity. For example, Duarte et 
al. (2018) and Kwon et al. (2018) used different numbers of visits in the design and 
included this information as explanatory variables in the analysis. In this study, the 
number of visits was used as a covariate in the model to reduce the impact of 
unmodelled heterogenity but also to analyse the effect of recording schedule.   
Finally, previous studies have described poor fit when fitting models using 
bootstrapping methods, especially when detection probabilities are low (Duarte et al. 
2018). Since bootstrap Tukey or chi-square (depending on the distribution) values in 
this study were all >0.3, the model was considered to be adequately fitted. However, 
pygmy blue whale and non-song sound humpback whale models may not have had 
optimal fit as a result of relatively small numbers of detections in the samples. In this 
study, the low number of detections was addressed through the use of a negative 
binomial distribution for blue whales, and it showed a good fit. The Poisson distribution 
for non-song sound humpback whale models was used since model fit tests indicated 
adequate fit. Simulations are recommended for future work to better understand the 
effects of low detection rates on the accuracy of parameter estimates.    
In this study the potential violations in N-mixture model assumptions have been 
evaluated carefully. Based on the results, this new application of detection probability 
estimation in a whale migratory area was considered appropriate. This model has 
proven to give quality results for birds in staging areas that can be considered similar 
to baleen whale transit grounds (Kwon et al 2018). The results of this study are 
indicative that N-mixture models may be a powerful tool for analysing acoustic 
observations that do not allow individual identification, and provide valuable 
information that is unavailable using traditional methods. In addition, these models 
can be further developed and tested for abundance estimation using single logger 
acoustic data. This opens a new avenue for assessing population abundance of 
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whales in migratory corridors. It is important to highlight however, that the 
assumptions of N-mixture models using unmarked individual observations are strict 
and can only be met under specific conditions and in particular areas (Duarte et al. 
2018, Kéry 2018; Link  2018).  
 
5.4.5. Implications of acoustical detection probabilities for the development of 
optimal monitoring protocols and abundance estimates  
Past studies have highlighted the benefits of using acoustics for monitoring species 
presence and estimating relative abundance (Mellinger 2003; Akamatsu et al. 2014; 
Richman et al 2014). The results of this study indicate that while acoustics has great 
potential for monitoring purposes because it is relatively cost-effective and can be 
used independent of weather and light conditions, its application for accurate 
estimation and monitoring of population trends requires imperfect detection to be 
estimated and adjusted for. To be able to obtain the most accurate results, careful 
considerations on animal behaviour, their demographics and environmental 
conditions of the study site should be included. For species or areas not well studied 
or with little knowledge, it is recommended to run combined visual and acoustical 
surveys before using an acoustics-only approach.  
 
For acoustic surveys of baleen whales in particular, there is the need for developing 
protocols that maximise information collected while reducing processing times of big 
datasets (Riera et al. 2013). Similar to studies on birds that used estimated detection 
probabilities to guide the development of monitoring protocols (e.g., Tozer et al. 2016), 
the results of this study were used to identify important considerations in designing 
quality baleen whale monitoring protocols. To begin with, the differences in detection 
probabilities between species indicated that standardization of acoustic surveys 
across species may not be appropriate. Rather, survey protocols may need to be 
species-specific for optimal results. Furthermore, the differences observed in 
detection probabilities between cohorts that produce different sound types (song and 
non-song) indicated that generalization of detection probabilities, even at species 
level, is not ideal. When possible, it is recommended that the range of sounds that 
animals produce is included in observations to include all cohorts of the population, 
and that recording schedules that maximise detection of the different cohorts are used 
(this is further discussed in Chapter 6).  
 
189 
The temporal extent of surveys should also be considered carefully, so that the 
beginning and end of a survey capture the population being monitored. This is 
particularly important at sites with populations that are not year-round residents, and 
where seasonal arrivals and departures can vary over years. As shown in previous 
studies (e.g., Oleson, Wiggins & Hildebrand 2007), the time at which a seasonal 
survey begins and finishes can bias the detection of certain cohorts; since depending 
upon the period of migration, certain cohorts may not yet be present or may be more 
or less vocally active. For example, if song is used to monitor humpback whales, and 
the survey begins during the peak and ends at the end of the seasonal migration, the 
likelihood of detecting the full migration may be reduced since the last cohort to 
migrate is mainly composed of non-singing whales. Similar results were observed with 
blue whales in California, where differences in acoustical and visual detection rates 
were associated with the time of the survey (Oleson, Calambokidis, Barlow et al. 
2007). In the previous study, singers were detected more often using acoustics than 
visual observations, however, no differences were observed between visual and 
acoustic methods for the ‘D” call (non-song sound). Consequently, the inclusion of 
sounds that are produced by all individuals of a population regardless of sex or age, 
in addition to common sound types that may be used disproportionately by specific 
cohorts or sexes, is recommended where possible. Different sound types are often 
produced at different rates, thus when combining sounds, optimising the recording 
schedule plays a vital role in reducing bias in detection probabilities.  
Most studies in the past have considered sampling schedules that allow for optimal 
detection. For example, optimal recording schedules have been shown to be 
dependent on the vocal behaviour of the species of interest (Riera et al. 2013; 
Thomisch et al. 2015). The behaviour of a species is dependent on how it uses the 
study site and the environmental conditions within it. Consequently, optimal detection 
can be achieved by considering achievable sampling schedules in combination with 
behavioural and ecological parameters of the baleen whales of interest and 
environmental conditions of the study area. As for detection probabilities, it may not 
be possible to generalise the recording schedule among species or cohorts within a 
species because of variability in their vocal behaviours. For instance, for humpback 
whales in this study, the optimal schedule for the song producing cohort of the 
population was not necessarily optimal for the non-song sound producing cohort.  
Finally, since individuals and species are not perfectly detected, the collection of 
information on the variability in detection probability as part of the survey design is 
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recommended to improve abundance estimates (Thompson et al. 2002, Tozer et al. 
2016).  
 
5.5. Conclusions 
The aim of this chapter was to present a first assessment of the use of N-mixture 
models for estimating detection probabilities of baleen whales in a migratory corridor 
using acoustic observations. Although previous studies have assessed the influence 
of environmental conditions on detection probabilities of sounds, these have only 
included the detectability process (i.e. sound detection as a function of distance or 
influence of masking). This chapter filled some of the current gaps in knowledge on 
how detection probability of baleen whales, including availability and detectability 
processes, may be influenced by temporal, anthropogenic, ecological and 
behavioural conditions.  
This study highlights that detection probabilities can be highly variable in different 
conditions and can be expected to be species specific. The results indicate that, in 
addition to physical factors influencing sound transmission through the water column, 
temporal (year, Julian day), ecological (number of groups present) and behavioural 
factors (type of sound, gender, etc.) also influence detection probabilities. These 
factors can be expected to vary with population and site under study and should be 
considered when designing acoustical surveys for monitoring. This considerations 
should also be accounted for when assessing population trends.  
 
Finally, many baleen whale monitoring programs have focused on breeding or feeding 
grounds. However, there are certain benefits in monitoring transit grounds. For 
instance, if the breeding or feeding ground is very large, as tends to be the case for 
migratory baleen whales, then it may be difficult to survey and monitor the entire area 
seasonally. Transit grounds, particularly those that represent a corridor in which the 
majority of population moves through, can be surveyed over the entire migratory 
season, thus allowing information on a large proportion of the population to be 
obtained from a relatively small area. 
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5.6. Supplementary Material 
 
5.6.1. Model fit results for humpback whale models – parametric 
bootstrapping using chi-square and Freeman-Tukey tests. Simulation run with 
100 replicates. Figures were plotted using chi-square test results. SSE: Sum 
of Squared Errors. 
 
5.6.1.1. Cohort of humpback whales producing song  
Parameter  
Availability (Ф)  
 
p (chi square) = 0.1, c-hat = 1.18 
p (Freeman - Tukey) = 0.3 , c-hat = 1.24  
 
 
Detectability (pd)  
 
p (chi square) = 0.4, c-hat = 1.01 
p (Freeman-Tukey) = 0.4, c-hat = 1.03  
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Detection probability  
(pD = Ф * pd ) 
 
 
p (chi square) = 0.9, c-hat = 0.78  
p (Freeman-Tukey) = 0.9, c-hat = 0.79  
 
5.6.1.2. Cohort of humpback whales producing non-song sounds  
 
Parameter  
Availability (Ф)  
 
p (chi square) = 0.94, c-hat = 0.89 
p (Freeman-Tukey) = 0.71, c-hat = 0.95 
 
Detectability (pd)  
 
p (chi square) = 0.93, c-hat = 0.88  
p (Freeman - Tukey) = 0.56, c-hat = 0.99  
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Detection probability  
(pD = Ф * pd) 
 
p (chi square) = 0.96, c-hat = 0.83 
p (Freeman-Tukey) = 0.62, c-hat = 0.97 
  
 
5.6.2. Model fit results for pygmy blue whale models – parametric 
bootstrapping using chi-square and Freeman-Tukey tests. Simulation run with 
100 replicates. Figures were plotted using chi-square model.  
Parameter  
Availability (Ф)  
 
p (chi square) = 0.139, c-hat = 1.11 
p (Freeman - Tukey) = 0.33, c-hat = 1.05 
Detectability (pd)  
 
p (chi square) =  0.04, c-hat = 1.16 
p (Freeman-Tukey) = 0.4, c-hat = 1.03 
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Detection probability  
(pD = Ф *  pd) 
 
 
p (chi square) = 0.03, c-hat = 1.24 
p (Freeman-Tukey) = 0.30, c-hat = 1.07  
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Chapter 6.  
 
 
General discussion 
 
This thesis aimed to improve current knowledge on the acoustical ecology of two 
species of baleen whales, pygmy blue whales (Balaenoptera musculus brevicauda) 
and humpback whales (Megaptera novaeangliae), in Geographe Bay, Western 
Australia, and consequently inform the development of optimal monitoring protocols 
using passive acoustics. These aims were achieved by: describing non-song sounds 
for each species; assessing the variability in vocalisation rates which informed 
acoustic monitoring methods; comparing different methods for acoustical monitoring 
(sound metrics vs. manual counts), and estimating detection probabilities for 
acoustical and visual methods.  
This study identified 5 and 17 new non-song sounds for pygmy blue whales and 
humpback blue whales, respectively (Chapter 2). The identification and inclusion of 
these in acoustic monitoring increased the detection of both species. Despite this, 
differences in the most common sound types recorded were observed between 
species, with song most commonly recorded for humpback whales and non-song 
sounds types for pygmy blue whales (Chapter 3). The disparity in dominant sound 
types produced between species was also reflected in their species-specific influence 
on vocalisation rates of groups; with humpback whale groups having higher 
vocalisation rates of song than non-song sound types, and the inverse true for pygmy 
blue whale groups. These findings indicated that, despite many studies focusing on 
song detection for acoustic monitoring (e.g. Cato et al. 2001; Charif et al. 2001; 
Wiggins et al. 2005; Stafford et al. 2011; Gavrilov & McCauley 2013; Helble 2013; 
Balcazar et al. 2015; Noad 2017), non-song detection was important in detecting 
humpback and pygmy blue whales in Geographe Bay. In addition, since the evidence 
points to song being produced by males (Frankel et al. 1995; Darling et al. 2001; 
McDonald et al. 2001), female and calf cohorts would be entirely missed without the 
inclusion of non-song sounds. Not only were vocalisation rates of baleen whale 
groups significantly related to the sound detected, but also to Julian day, year (for 
humpback whales) and time of day (for blue whales). In contrast to other studies (e.g. 
Croll et al. 2001; Wiggins et al. 2005; Blackwell et al. 2013; Cerchio et al. 2014; 
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Shabangu et al. 2017), environmental and anthropogenic conditions were not 
observed to influence the vocalisation rates of groups for either species (Chapter 3).  
A variety of acoustic-based methods are currently used for monitoring baleen whales; 
however, they vary in their applications and their inherent biases (Mellinger 2007; Van 
Parijs et al. 2009). For relative abundance, common approaches include using cue 
counts and sound energy levels as indices because they are relatively easy to 
measure and cost-effective to obtain (McDonald and Fox 1999; Gannon et al. 2008; 
Marques et al. 2009; Marques et al. 2011; Helble 2013; Marques et al. 2013; Erbe et 
al. 2015; Širović et al. 2015). While these indices may be indicative of relative 
abundance, their relationship may not necessarily be linear as sometimes presumed 
(Ponce et al. 2012; Seger et al. 2016). In this study, a moderate to high linear 
correlation between sound level metrics tested (namely signal-to-noise ratio (SNR)) 
and the number of vocalising groups were obtained for pygmy blue and humpback 
whales; but only when overlapping noise from other sources (non-target whale 
vocalisations and vessel noise) were removed and for a subset of recordings that 
were separated in time (and were not autocorrelated) (Chapter 4). In contrast, the 
correlation of sound level metrics and number of whale groups visually detected was 
significantly lower, regardless of baleen whale species. While indices of relative 
abundance were obtained using sound level metrics in this study, they were highly 
variable in how closely they reflected densities measured using counts regardless of 
whether they were acoustic or visual (Chapter 4). Given that manual counts of 
vocalising groups were much more consistent with visual counts than were indices 
from sound level metrics, regardless of species and whether other noise sources were 
present or not, counts of vocalising groups is recommended in other similar studies 
for monitoring to estimate population trends. Sound level metrics, however, are 
invaluable for confirming the presence of vocalising species, defining their migratory 
timing, and identifying recordings for use in manual counts which would reduce the 
number of recordings requiring processing. The reduction in processing would 
improve the method’s cost effectiveness.  
Despite the improvements in accuracy using manual acoustic counts of groups, the 
probability of acoustic detection of groups was estimated between 0.13 and 0.9, and 
depended upon sea state, number of consecutive recordings and vocal sound type 
recorded. In general, song had a higher detection probability than non-song sounds 
for humpback whales, and the opposite was observed for blue whales. In addition, 
the number of groups likely to be producing non-song sounds was a significant factor 
explaining detection probability for non-song but not for song. The probability of visual 
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detection was also influenced by sea state and Julian day. For humpback whales a 
higher detection probability was estimated for groups likely to be vocalising song than 
non-song while for pygmy blue whales non-song had a higher detection probability 
than song. Thus, for studies that require absolute estimates and highly accurate 
monitoring of trends, the incomplete detection of different vocalisation types and 
cohorts would need to be accounted for.     
In summary, the acoustic ecology of baleen whales is species specific, and within 
species varies among cohorts and habitats depending upon the relative behaviour of 
the animals. Despite this inherent variability, passive acoustics is valuable for 
monitoring baleen whale populations, and has great potential beyond monitoring their 
presence and relative abundance indices. However, a range of considerations are 
required for their use in such monitoring programs.  
Based on the results of this study, key considerations for the development of optimal 
passive acoustics monitoring protocols, particularly for monitoring design, processing 
and analysing resulting data, are outlined below. In addition, decision trees to help 
guide the optimisation of baleen whale monitoring protocols are proposed. Information 
from two baleen whale species was used to develop the decision trees but these can 
be further developed and adjusted for other marine species. Two case studies are 
presented as examples of how the decision tree might assist in guiding the selection 
of a monitoring protocol. The first case study is one prioritising humpback whales 
occurring in high abundance and the second prioritises rare pygmy blue whales as a 
focal species.   
6.1. Key criteria for developing optimal passive acoustic monitoring protocols 
of baleen whales with emphasis on data collection, processing and analysis 
The growing threat of anthropogenic impacts on species and their ecosystems is 
increasingly placing pressure on governments and industries to gather the scientific 
knowledge necessary for effective conservation, management and decision making; 
such as whether resource extraction and development activities should go ahead and 
how to manage their potential impacts (Gerber et al. 2005; Nowacek et al. 2013; 
Browning et al. 2017; Verfuss et al. 2018). Monitoring programs are key for generating 
the knowledge required to make these decisions. Effective monitoring programs, 
however, require experimental designs that produce valid and reproducible research 
with minimal bias or bias that can be accounted for (Pollock et al. 2002; Field et al. 
2007; Martin et al. 2007; Conway 2011; Frick 2013; Tozer et al. 2016).  
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One of the principal aims of management-based monitoring is to estimate ecological 
parameters; including those associated with population distributions and trends 
(Mulder et al. 1999; Pollock et al. 2002; Cowx et al. 2009; Conway 2011). Estimation 
of species and population parameters allows for assessments of their status (i.e. 
whether they are threatened or not), whether they are increasing or declining, and 
how human activities may affect them. However, the challenges in designing 
monitoring programs that effectively assess these parameters may vary among 
habitats and species (Cowx et al. 2009). For instance, monitoring programs may be 
more easily designed and implemented for easily sighted ‘distinctive’ species (e.g. 
humpback whales) than for more cryptic, rare species (e.g. pygmy blue whales). In 
addition to challenges in optimal sampling designs potentially varying among species 
and habitats, funding is a common and ubiquitous limiting factor (Field et al. 2007). 
Monitoring programs can be very expensive, particularly long-term programs that 
allow the time required to detect changes. However, if the aim of a survey is to detect 
changes, surveys must be designed so that they have the power to detect a 
meaningful effect size. Because achieving high statistical power at a low cost is often 
difficult, an adequate monitoring design that improves the quality of study outcomes 
is frequently “forgotten” or not deeply considered when developing monitoring 
programs (Field et al. 2007). Thus, the ultimate goal of an optimal monitoring program 
is to develop a survey design that maximizes species detection (e.g. Langlois et al. 
2010, Tozer et al. 2016) and is sufficiently thorough to detect the effect size of interest 
while minimizing field costs and effort. To achieve this, all aspects of a monitoring 
program must be carefully planned and considered in terms of their costs and 
benefits. In addition, effects of biases and limitations from survey design should be 
provided to managers and stakeholders so policy is developed accordingly. 
Passive acoustics monitoring (PAM) as a monitoring approach has been suggested 
as a powerful tool for generating baseline information for management purposes. It is 
often preferred over other methods because it can be cost-effective, can cover large 
areas and can be undertaken independent of weather and environmental conditions 
(di Sciara & Gordon 1997; Moscrop et al. 2004; Gannon 2008; Van Parijs et al. 2009; 
Blumstein et al. 2011; Browning et al. 2017). In both terrestrial and aquatic species, 
PAM has been successfully implemented to assess species distribution, spatio-
temporal patterns and impacts of noise on fauna (e.g. Moore et al. 1998; Barlow & 
Gisiner 2006; McDonald et al. 2006; Luczkovich et al. 2008; Van Parijs et al. 2009; 
Erbe et al 2015; Parsons et al. 2016; Blumstein et al. 2017). However, while acoustic-
only monitoring programs for estimating ecological parameters are reasonably 
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developed for terrestrial species (Pollock et al 2002; Vesely et al. 2006; Conway 2011; 
Frick 2013;  Tozer et al. 2016), those for aquatic environments are still under 
development.                                                                                                                                                                    
Considering that acoustics is frequently used for monitoring baleen whales in marine 
environments, results from this thesis were used to identify key criteria for developing 
acoustic monitoring protocols for these species. The criteria were based on the 
information available for humpback and pygmy blue whales in transit grounds from 
this thesis and from the available information in the literature. While the species and 
habitat from which the criteria have been developed are restricted, it is anticipated 
that monitoring protocols can be adjusted for other species and locations based on 
the considerations outlined under each criterion. As the criteria were based on limited 
information, it is suggested that the proposed criteria are used as a motivator for 
developing future improved versions when additional information becomes available.  
The criteria considered here include: (a) the location and timing of recordings, (b) the 
number of acoustic recorders to be used, (c) the required sensitivity of instruments, 
(d) recording schedules, (e) effective identification of target species in recordings, (f) 
methods for processing high volumes of data, and (d) analysis of data with a focus on 
the considerations for estimating the probability of detection. Each criterion is 
discussed below.  
6.1.1. Location and timing of recordings 
Similar to other techniques used for monitoring (e.g. visual observation from land 
stations, vessels, or aircrafts), the optimal location and timing for acoustic recordings 
to be undertaken depends directly upon the behaviour and ecology of the target 
populations of a study species. This criterion can be considered the foundation for 
any monitoring protocol, because the extent and frequency of spatial and temporal 
sampling should provide the data required to accurately describe the distribution of 
individuals of the focal species over time for effective management (Cowx et al. 2009). 
While covering the spatial extent of a species’ population that has a limited home 
range or the temporal extent of one that is resident at a particular location can be 
relatively straight forward, it can be more complex for migratory species.  
Migratory species such as baleen whales have relatively stable departure and arrival 
times to feeding, breeding and transit grounds across years. When multiple migratory 
species share the same grounds, there may be a temporal niche separation among 
species (Ramp et al. 2015). This multi-species niche separation should be accounted 
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for when defining the start and end times of surveys when multiple species occupy an 
area; however, survey times should allow for variability in timing of different species 
due to changes in environmental and behavioural conditions, which can be on the 
order of days or weeks. For example, in feeding grounds off Canada, humpback and 
fin whales share the same area, with a two-week time gap between the periods of 
occupancy (Ramp et al. 2015). However, Ramp et al. (2015) found that shifts in their 
arrivals/departures times were associated with changes in environmental conditions 
resulting in a temporal overlap in migratory timing of the species. Thus, if variability in 
timing of arrival and departure is not considered in the design, it is possible that the 
species is missed, part of its migration is missed, or its vocalisations are masked by 
the presence of another (which requires further considerations for the collection and 
analysis of resulting data).  
Another important consideration to be made when selecting recording times, is that 
not all cohorts of a species migrate through, arrive or depart areas within their home 
range at the same time. Studies focusing on baleen whale migratory timing have 
reported that certain cohorts will begin migrating first or depart last depending upon 
the direction of travel (e.g. Dawbin 1997; Craig et al. 2003). For example, when 
humpback whales migrate from feeding grounds to breeding grounds, pregnant 
females are first to depart feeding grounds, and when accompanied by their newborn 
calves are the last to depart breeding grounds when migrating in the opposite direction 
(Dawbin 1997; Craig et al. 2003). The influence of these cohort-dependent differences 
in migratory timing in resulting survey data must be considered when selecting survey 
start and end dates. Ideally, the temporal extent of the survey design will provide 
representative samples of all cohorts within a population that allows for comparisons 
among areas and years (Cowx et al. 2009). Where possible, a conservative time 
allowance is recommended to account for variability in migratory timing, so the earliest 
and latest possible dates of all cohorts of interest can be captured. If variability in 
timing is not accounted for, it is possible that estimated population demographic 
parameters will be biased, resulting in inaccurate trend estimations. This bias was 
observed for certain species of fish that were monitored just after spawning or 
hatching. As a result, the population demographic was assumed to be dominated by 
juveniles when in reality it reflected the bias resulting from a narrow temporal survey 
extent (Cowx et al. 2009).  
The timing of acoustical monitoring of certain species in relation to obtaining clear 
measurable cues may need greater consideration than for visual surveys. For 
instance, if there are co-occurring species or noise sources present at a particular 
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time that will mask vocalisations of the target species, then surveying at that time with 
acoustic methods may not produce measures that can be used for population 
parameter estimates. Thus, underwater acoustic monitoring must consider the 
acoustical ecology, population demographics and behaviour of multiple 
species/sources occupying an area at the same time (La & Nudds 2015). For 
example, beginning a survey during the peak of migration of a particular baleen whale 
species can be the best option to sample a range of cohorts in some populations 
visually. For acoustics however, for some species this period may not be the best as 
the presence of more individuals may mean that the more vocal cohorts may mask 
those that vocalise less. For humpback whales in breeding grounds, for example, 
recordings obtained during the peak period of migration that are dominated by 
humpback song produced by singing males could easily mask non-song produced by 
all other cohorts. Thus, monitoring during the peak of singer occupancy could 
potentially bias the monitoring towards males. Longer surveys or surveys 
beginning/ending before and/or after the peak could be a better option that would 
capture cohorts producing song and non-song vocalisations. For less vocal or rare 
species, however (e.g. blue whales), the peak of migration would provide the highest 
likelihood of acoustical detection regardless of cohort and maximise the number of 
groups or individuals measured.    
Similar to conspecific masking, monitoring at times and locations where other sources 
of noise occur in the same frequency bands as those of sound produced by target 
species can result in masking and/or biases in detections. For instance, placing an 
acoustic recorder near a constant source of mooring noise or near a shipping channel 
producing noise within the same frequencies as humpback whale vocalisations is 
likely not an optimal choice. However, if areas and times with high levels of masking 
(caused by ambient or anthropogenic noise) need to be monitored, information on 
how these factors can potentially influence population size of the species of interest 
is required. When soundscape information is available, an adjustment for reduced 
detectability can be explored.  
Finally, while many acoustic monitoring programs collect continuous data covering 
the entire period of interest (several months or years at a time), analysis of these large 
datasets can be very time consuming and expensive. Consequently, subsampling 
designs have been proposed and are commonly implemented to reduce time spent 
reviewing data (Thomisch et al. 2016). In these cases, the temporal frequency of 
subsamples collected requires consideration. Subsample protocols should not only 
consider vocalisation rate, but also inter-seasonal variability and migratory timing of 
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different cohorts over space and time. For example, if a population or cohort of interest 
has a high vocalisation rate and was present during the beginning of the sampling 
period, a low subsampling frequency may be sufficient to capture the required 
samples to estimate parameters of interest. However, if a second population, cohort 
of interest has a lower vocal rate and is present later in the season, then the 
subsampling protocol may require more frequently collected samples. The 
optimization of recording schedules is further discussed below.  
6.1.2. Number of acoustic recorders to be used  
The optimal number of acoustic recorders in a study depends upon (i) the spatial 
extent of the study relative to the detection range of the target species and (ii) the 
aims of the study. For instance, if the aim of the study is to monitor trends in 
occurrence or abundance of a species with known vocal behaviour and homogeneous 
distribution over time within a relatively small area, then a single recorder would likely 
achieve the aim of the study. If the study area is larger than the range of detection of 
a single recorder, however, and the distribution of the species varies over this larger 
area then multiple recorders will likely be needed.  
For studies aimed at obtaining density estimates, a single acoustic recorder approach 
would require that estimates are made using acoustic transmission models developed 
for the range of noise conditions in the study area. For use with a non-directional 
single recorder, transmission loss and vocalisation intensity would need be assumed 
isotropic (uniform in all directions) and known in the study area. Results from the 
transmission models can then be used to calculate a critical SNR of recorded 
vocalisations below which whales are no longer considered in the area of interest. All 
vocalisations above the critical SNR would then be extracted as detections for data 
analysis. In cases where transmission loss is not isotropic in the study area and/or 
sound levels of vocalisations produced by whales are not constant or they are not 
known, density estimation would require multiple acoustic recorders set up in an array 
for tracking individual whales. Acoustical tracking using acoustic arrays (at least three 
hydrophones) has been used to identify individuals for capture-recapture based 
density estimation of minke whales Balaenoptera acutorostrata, Blainville’s beaked 
whales Mesoplodon densirostris and sperm whales Physeter macrocephalus 
(Marques et al. 2009; Marques et al. 2011; Marques et al. 2012; Ward et al. 2012; 
Marques et al. 2013).  
While acoustic arrays can improve our understanding of species distribution and 
density (Mellinger et al. 2007; Van Parijs et al. 2009), they are often too expensive to 
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sustain for long-term monitoring programs and reduce the cost advantage of PAM. 
Consequently, a combination of different survey approaches conducted 
simultaneously, such as visual surveys and single or multiple acoustic recorders, may 
provide a relatively cost-effective option that can still provide key population 
parameter estimates. For instance, a survey that implements simultaneous visual and 
acoustic array surveys during the first stage of the program would generate the 
required information on individual vocalisation rates that can later be applied to a 
single logger scenario for the same population and location (assuming no changes in 
vocalisation rates occur over time). Moreover, the combination of visual and acoustic 
methods would be required if the aim of the study were to estimate absolute estimates 
of abundance or density. These surveys would provide estimates of availability bias 
for use in absolute abundance estimates. 
6.1.3. Recording schedules 
The selection of recording schedule (the duty cycle of recordings) is dictated by the 
capabilities of the recording equipment, the duration of the survey period, and the 
density, vocal rate and frequency range of the target species. Recorders vary in their 
range of capabilities, including their battery and memory capacities, and sample rates 
and frequency bandwidths (see Sousa-Lima et al. 2013 and Lucke et al. 2014 for 
review of underwater acoustic recorders). The longer the duration of a recording is 
and the higher the sample rate, the greater the memory and battery demands are. 
The frequency and duration of recordings (recording schedule) must allow sufficient 
memory and battery life to collect data for a survey, to record information for a period 
long enough to detect changes over time and to capture the bandwidth of interest. It 
should also consider the likelihood of recording sufficient detections of the focal 
species for the estimation of population parameters.  
In some instances, short recordings (such as 5 minutes) with relatively short inter-
recording periods (say every 15 minutes) over long periods of time (12 months) will 
allow sufficient detections to detect patterns in vocalisations over time. Previous 
studies have suggested that short but consecutive listening periods improve the 
acoustic detections over long continuous listening periods (Thomisch et al. 2015). 
However, for rare or less vocal species, longer and more frequent recordings will be 
required for adequate detection of patterns over time. In this study the resulting 
detection probabilities indicated that longer recordings and frequent sampling 
improved the likelihood of detecting less vocal or rare species. The results of this 
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study suggest that modelling a species’ detectability using different recording 
schedules can aid in selecting an optimal sample schedule.  
6.1.4. Species identification and selection of acoustical cues 
One of the main limitations in acoustic monitoring approaches is the requirement of 
knowledge of typical sounds and/or the acoustic repertoire of a species. To develop 
an acoustic repertoire catalogue, standardized methods for measurement and 
classification are needed so that sounds can easily be compared to those reported by 
different researchers. This has been proposed for describing and classifying 
humpback whale song (see Cholewiak et al. 2013), but has been limited for other 
species. In this study,  standardized classification of sounds based on physical 
characteristics (constant waves, frequency modulated, etc.) combined with basic 
quantitative measures of sounds was used, and is suggested as less susceptible to 
biases than using onomatopoeic names that are more subjective. This method has 
proven to be effective for comparing sounds recorded in Australia with sounds from 
other areas (Erbe et al. 2017), and may aid in the identification of species in areas 
where simultaneous visual observations have not yet been possible.  
In terms of the vocal cue (such as a sound type or song), previous studies have 
suggested the use of either one or multiple cues for monitoring species (e.g. Van 
Parijs et al. 2009). Despite this, there is still uncertainty on how cues should be 
selected. In general, cues that are frequently vocalised are used for monitoring 
because they have a greater chance of detection than those produced less frequently. 
However, monitoring selected cues may bias the monitoring to specific cohorts or 
completely miss the presence of a particular cohort when a cue different to the one(s) 
selected is present in the recording. For example, humpback whale monitoring has 
for many years considered only song produced by males (Tyack 1981; Frankel et al. 
1995). As a result, in these studies females with calves, competitive groups and sub-
adults that do not produce song are not considered. As indicated above, in some 
instances species can be entirely missed. For example, pygmy blue whales in 
migratory areas have commonly been monitored using song (see McCauley 2001; 
Gavrilov 2011), as opposed to downsweeps that have been associated with feeding-
grounds for some populations (Balcazar et al. 2015). In this study in Geographe Bay, 
a non-feeding area, however, song was rarely recorded and the most common calls 
were downsweeps. Consequently, if song had been the only cue used for detection 
in this study, the species would have been missed in most recordings. Thus, for 
studies aiming to estimate and monitor population trends of an entire population 
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(including the range of cohorts within it), it is recommended that the selected cues 
include the different cohorts of a species’ population or as many cohorts as possible.  
Selecting representative cues is of particular importance for parameter estimation of 
species in recovery, species with unknown recovery rates and / or those affected by 
severe declines such as pygmy blue whales. For instance, the estimation of birth rates 
and proportion of young individuals present in a population per breading season is a 
fundamental parameter required for population viability analyses, population growth 
and recovery rate estimates (Martin et al. 2007). Consequently, to execute these 
types of analyses for monitoring the population status of a species, the inclusion of 
cues produced by calves or mother-calf groups is critical. For studies using acoustic-
only approaches in which knowledge of the acoustic repertoire of the focal species is 
unavailable, either acoustic tags or a combination of visual and acoustic-based 
surveys will be required to match the species to the sounds it produces across its 
demographic range.  
When research cannot be undertaken on cohorts of interest, such as mother-calf 
pairs, due to funding of logistical limitations, it may be helpful to classify sounds into 
general types that are produced by different population cohorts; such as song and 
non-song as undertaken in this study. Although, this general classification will not 
allow the determination of whether non-song sounds were produced exclusively by 
mother-calf groups in the study, approximations of potential numbers of groups with 
calves may be able to be extracted in studies where vocalisation rates for different 
cohorts are known. For studies aimed specifically at understanding the acoustical 
ecology of mother-calf groups in breeding grounds and birth rates it will be necessary 
to obtain more detailed information on specific sounds produced by this cohort. 
However, on transit grounds such as Geographe Bay, it is possible that as long as 
there are cues that represent the different cohorts, modelling of population trends may 
be possible.  
6.1.5. Processing acoustical data  
Acoustic monitoring allows surveys to have greater temporal and spatial scales than 
using visual techniques (e.g. at night and in remote areas over extended periods). 
However, the quantity of data produced requires greater effort to process and analyse 
it, making this one of the main challenges in using this method for monitoring (Brandes 
2008; Acevedo et al. 2009). Automatic detectors for specific acoustical cues or power 
spectrum density (PSD) plots that identify focal species based specific frequency 
bands have been used to reduce the number of recordings to analyse and partially 
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solve this problem.  However, the accuracy of the methods is still being evaluated, 
and the estimation of population parameters using data resulting from such methods 
is yet under development. 
Although an evaluation of automated detectors was outside the scope of this study, it 
is worth noting that their effectiveness in producing desired population parameter 
estimates will depend upon cues selected (as discussed above). In general, cues 
used in the development of automatic detectors are based on vocalisation rates and 
intervals between sounds of a specific cue, among other attributes (e.g. Kumar 2003; 
Burtenshaw et al. 2004; Tiemann et al. 2006; Gavrilov et al. 2011; Hannay et al. 2013). 
In some instances, the use of vocalisation rates may bias the identification of a 
species in areas where vocalisation rates and intervals for specific cues vary, or they 
may bias detection towards particular cohorts. For example, auto-detectors 
developed to identify a specific unit of humpback whale song will bias the detection 
towards males if it is assumed to occur at specific frequencies and intervals defined 
by the song. However, the same unit may occur in non-song sounds, and would be 
missed. In addition, because humpback whale song evolves each year, an auto-
detector may vary in its effectiveness from year to year.  
In addition, the accuracy of auto-detectors may be compromised in the presence of 
overlapping units, which could potentially increase false negative error rates by not 
detecting the species when it is present. Searching recordings for sound events 
instead of specific sounds (or calls) has been suggested as a means of reducing this 
error (Van Parijs et al. 2009). The use of sound events is similar to the use of PSD 
plots. The idea is to significantly reduce the quantity of data that will be reviewed, 
however its effectiveness in producing accurate estimates of population trends has 
not been evaluated. 
PSD plots, as another common approach to a common efficient means of processing 
high quantities of acoustical data, are often used to identify seasonal patterns of 
presence of species of interest and in some cases relative abundance (e.g. Au et al. 
2000; Širović et al. 2004; Gedamke et al. 2007; Erbe et al. 2015). This study indicated 
that the correlation between the level of energy detected in a recording and the total 
number of groups present in an area was low. Thus, it is recommended that this 
approach be used to identify the presence of the species of interest in the recordings 
and in relative abundance of the vocal cohort of the species. To use the approach as 
a relative index of the population as a whole, it is suggested that the relationship 
between numbers in the population and acoustic detections is established at the site 
207 
of interest. In addition, PSD plots can also guide subsampling efforts by identifying 
those recordings with the cues of interest to be selected subsampled for more detailed 
analysis (e.g. manual counts).   
Furthermore, the use of PSD plots for analysing acoustical data should consider 
temporal autocorrelation (and any violations in assumptions of independence in 
statistical analyses), overlapping anthropogenic sources and the sound level metric 
that best reflects numbers of vocalising animals. First, temporal autocorrelation 
causes estimated sound level metrics from one period of time to be closely related to 
values from the following period. In these cases, it is recommended that data analysis 
integrate a correlation structure within models or use values sufficiently separated in 
time to be considered independent. Second, the sound level metric used to estimate 
the sound energy should consider the vocal rate of the species of interest. Results of 
this study suggest that for a highly vocal species (humpback whales), the mean SNR 
metric gave a higher correlation than other metrics; while for less vocal or rare species 
(blue whales), the maximum SNR was more suitable. Finally, considerations of the 
influence of overlapping sources (e.g. vessels) on analyses and their potential 
exclusion should be included as part of the post-processing procedure.   
6.1.6. Analysis of data with considerations for the probability of detection 
Finally, while acoustical monitoring using auto-detectors has aimed to assess 
detectability of vocalising animals (i.e. transmission of sound, masking etc. see Kumar 
2003, Helble et al. 2013 for examples) and as a way of improving seasonal and 
distributional species assessments, results from these studies are limited to the cohort 
of animals that are vocal or must assume constant detectability and complete or 
known availability if inferences are to be made to the broader population. While most 
monitoring programs do not adjust for imperfect detection in analyses, research has 
shown that even for occupancy and distribution models, the probability of detection 
(detectability and availability) should be considered as part of the survey design 
(Lahoz-Monfort et al. 2014). Acoustic monitoring programs that consider imperfect 
detection and its potential variability in space and time at the protocol design stage 
are more powerful as they are statistically more successful at identifying changes in 
the population (Field et al 2007).   
The accuracy of population parameter and species richness estimates using 
acoustical data are improved if sampling protocols maximize detection probabilities 
(La & Nudds 2016) and are designed to estimate imperfect detection. For cetaceans, 
population abundance and trend estimation using acoustics uses distance sampling 
208 
 
to adjust for reduced detections with range from the receiver. These methods assume 
constant availability; however this assumption is not always valid, particularly for 
species with low vocalisation rates (Buckland et al. 2001). Consequently, when 
availability is not constant, population estimates that adjust for the probability of 
detection should include availability bias in the calculation.  
A range of models have proved to be effective in a range of applications, and continue 
to be tested for new applications such as hierarchical and Bayesian models used in 
this study. These models incorporate the probability of detection for population 
parameter estimation by integrating both availability and detectability in addition to 
influencing ecological processes (see Royle 2004; Chandler et al. 2011; Dail & 
Madsen 2011; Amundson et al. 2014). These methods have been applied and 
evaluated for terrestrial species but studies on marine fauna are rare.  In addition, to 
the best of the author´s knowledge this is the first time that hierarchical and Bayesian 
models have been used to model the probability of detection using underwater 
acoustical data. N-mixture models, such as those implemented here, have provided 
similar estimates to those of removal distance sampling and capture-recapture in 
salamander species (Ficetola et al. 2018). While this approach offers promise for 
marine systems, further assessment such as that undertaken for terrestrial systems 
(including simulations) is required.  
 
6.2. Guide for optimising passive acoustic monitoring protocols for assessing 
baleen whale population parameters  
Based on the criteria discussed in the previous section, decision trees have been 
developed here to help guide the selection of protocols that will allow the estimation 
of population parameters. These decision trees have been developed to provide some 
preliminary direction for discussion on acoustic monitoring and potential future 
standardisation.  
Passive acoustic methods have experienced a rapid uptake by ecologists monitoring 
populations. However, the design of optimised monitoring protocols that allow for the 
estimation of population parameters are still under development. Past considerations 
for optimisation have focused on acoustic propagation of signals of interest (Mellinger 
et al 2007), technologies used (Van Parijs et al. 2009), sampling schedules (Thomisch 
et al. 2016), and assessment of detectability; but mostly with a focus on the influence 
of ambient noise on the accurate auto-detection of particular cues (Helble et al. 2013). 
To the best of the author’s knowledge, a decision tree to guide the development of 
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optimal monitoring protocols for acoustical data that include features from survey 
design to data processing and analysis, variability in acoustical ecology, the relative 
likelihood of detection and the aim of the study, has not been previously developed.   
The importance of developing such tools to assist in the standardisation of data 
collection lies with the improvement in producing comparable results among locations 
and times. By standardising the selection of monitoring protocols for studies with 
similar aims, increased comparability can be achieved while not jeopardising the 
overall aim of the study. Ultimately standardised protocols, data collection and 
analysis (Mellinger et al. 2007) will improve our ability to monitor changes in 
population trends over long time periods and a broad range of areas (Department of 
Biodiversity, Conservation and Attractions 2018). 
Here, only general guidelines are proposed as there is high variability among species 
and locations they occupy, and the protocols introduced draw from only the two 
baleen whales species (rare vs. common) that were the focus of this study. The 
decision trees used to guide the selection of optimal monitoring protocols include 
considerations for studies aiming to: (i) identify occurrence (which is often used to 
asses species distribution) (Figure 6.1) and (ii) monitor ecological parameters 
required for abundance and population trend assessments (Figure 6.2). The protocols 
include a decision guide for data analyses and potential statistical models for 
abundance estimation using acoustical data. However, this step was simplified, and 
it is not comprehensive because detailed diagrams on this topic are available in 
Marques et al. (2013).       
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Figure 6.1. Decision tree to guide users through key criteria for undertaking optimal passive acoustic monitoring for the assessment of baleen whale population parameters 
based on species occurrence.   
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Figure 6.2. Decision tree to guide users through key criteria for undertaking optimal passive acoustic monitoring for the assessment of baleen whale population 
parameters.  1Consider the timing in migration for the survey design to guarantee sampling of different species and cohorts. 2 If absolute numbers are of interest, 
it is necessary to use a correction factor for availability to use acoustics only. 3If cohorts differ in the type of cues produced representative cue types per cohort 
should be extracted. 
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Based on the decision trees proposed above and the experience from this study, 
protocols for future monitoring of humpback and pygmy blue whales in Geographe 
Bay are given as case studies below. These two scenarios provide examples of 
monitoring trends in abundance for (i) a common and highly vocal species (humpback 
whale) and (ii) a rare and less vocally active species (pygmy blue whale).  
For the first scenario (Study Case 1 presented in Box 6.1.) surveys using an acoustic 
array in combination with visual surveys undertaken over one to three years is 
recommended to determine vocal heterogeneity between different group types (e.g. 
mother-calf, competitive groups, etc.) for adjustment of detection parameters. This 
should be undertaken before implementing a more cost-effective approach of using a 
single recorder. The combined surveys are recommended to be undertaken over two 
time periods: one in August/September to monitor males (including singers) and 
newly pregnant females and juveniles that are within the first cohort to migrate, and 
the second in October/November to monitor competitive pods and females with calves 
that are the last cohorts to migrate. For processing acoustic signals, a combination of 
sound level metrics, auto-detectors, and manual counts is recommended. Sound level 
metrics will allow the identification of recordings with humpback whale signals (mainly 
song) that can then be subsampled, reducing the amount of data to analyse. 
Frequencies used for sound level metrics should cover the low (<100 Hz), mid (100 - 
1000 Hz), and high frequency bands (>1000 Hz) of humpback whale vocalisations. 
For processing specific sounds, auto-detectors of common non-song sounds in each 
frequency band could be used for cue counts and to find groups vocalising non-song 
sounds (see Chapters 2 and 5), and to identify the presence of other sources of noise 
(e.g. vessels, pygmy blue whales) to be removed from sample. Sources of potential 
bias that should be discussed or accounted for in recordings resulting from the 
suggested protocol include: (i) variability in ambient noise and effects of 
anthropogenic noise that has not been removed, and (ii) unmodelled heterogeneity 
over years in which simultaneous visual and acoustic tracking are not performed 
(constant heterogeneity across years would need to be assumed).  
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Box 6.1.  Study Case 1: Monitoring trends in abundance of highly vocal humpback whales in the migratory corridor within Geographe Bay. 
Example Protocol for acoustically monitoring humpback whales in Geographe Bay 
Survey design 
o Number of Survey stations:
 An array of four loggers coupled with
visual surveys over one to three seasons
(longer if needed) will improve detection
probability models as heterogeneity in
vocal production can be modelled and full
availability can be estimated.
 For long-term monitoring (>3 years
duration), a single logger will offer a cost-
effective method for monitoring population
trends.
o Sample schedule:
 Because monitoring aims to estimate
population trends, it needs to maximise
the likelihood to record social sounds from
mother-calf groups that follow a rare
species pattern. It is recommended to
continue the 13 minutes every 15 minutes
sampling schedule to maximise duration of
the recorder’s battery.
 Time of the survey: for monitoring males,
newly pregnant females without calves
and juveniles it is recommended to survey
between August and October. For
monitoring specifically females with
calves, late October to late November.
Data processing 
o Subsampling:
 Removing temporal autocorrelation: Use
one sample every three hours, or average
samples in three-hour blocks. Three
samples for morning (6 to 12 pm, afternoon
(12-6 pm) and night (6 to 12 am).
 If doing manual counts of groups or
individuals, use sound level estimations to
identify which recordings have humpback
whale sounds and use those recordings to
subsample the recordings used for manual
counts.
o De-noising:
 Exclude samples with blue whales and
vessel noise. Carry out a baseline analysis
on ambient noise and its potential masking
and influence on sound level metrics.
o Extracting metrics:
 Cue selection: use auto-detectors for
different cues and for different frequency
bands. Consider sounds for different cohorts
(song and non-song sounds). Samples with
song can be identified using sound level
metrics.
Data analysis 
o Samples selection:
 If using sound level estimations for
identifying samples for manual review or
for relative abundance, use mean sound
level metric (see chapter 4).
 If analyst is not familiar with humpback
whale song, it is suggested to review
additional samples so analyst can better
familiarise with humpback whale song.
Unfortunately, it is not possible to fully
automate the counting of singers because
of the complexity of humpback whale
song.
o Statistical analysis:
 For years with visual and tracking
information it is suggested to use distance
sampling combined with removal models
or other double observer models. If
acoustical tracking is not available, N-
mixture models for open populations or
other hierarchical modelling approach are
advised.
 If the monitoring program aims to analyse
changes in detectability associated with
sound propagation, it is recommended to
use distance sampling methods.
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Similar to Study Case 1, in Study Case 2 a combination of acoustical and visual 
surveys is recommended before an acoustics-only approach is undertaken (Study 
Case 2 presented in Box 6.2.). A combination of survey methods will increase the 
potential for identifying new pygmy blue whale sounds, and it will expand the 
knowledge on the behavioural context in which these sounds are vocalised. This 
information will enable better estimates of detection probabilities.  
In terms of the duration of a survey, an extended survey between October and 
November is recommended for monitoring changes in time of arrival / departure and 
temporal differences in the migration of different cohorts. Although, previous studies 
have been conducted in November, the identified peak of migration for pygmy blue 
whales in Geographe Bay, an earlier arrival (from late September) has been observed 
in some seasons potentially shifting the peak of migration to late October (Mr. Burton 
2018, pers. comm.). 
For processing acoustic signals, the use of an auto-detector for song and 
downsweeps is recommended. An auto-detector for song signals is already available 
(see Gavrilov et al. 2011), however, the accuracy of a downsweep auto-detector 
should be validated as these signals are variable and have similarities with some 
humpback whale sounds.  In addition, it is also possible that auto-detectors fail to 
identify cues due to masking by humpback whale song and vessels. Therefore, 
manual review of data should be undertaken to confirm the species’ presence, to 
identify the presence of masking sources (humpback whales and vessels) and to 
estimate a relative number of groups or individuals present in the recordings.  
Furthermore, when visual and acoustical surveys are simultaneous, manual 
verification of acoustical data during times of visual observations is recommended to 
facilitate the identification of new sound types for the species. For dates/times without 
visual observations, multiple recordings can be processed using sound level metrics. 
Power spectrum density plots can then be plotted to identify samples containing 
pygmy blue whales sounds. Frequencies used for sound level metrics should include 
frequency bands between 20-40 Hz and 70-200 Hz to cover the identified pygmy blue 
whale sounds.  
Because the number of pygmy blue whales passing through Geographe Bay is 
relatively low, the proportion of vocalising groups in the area is required so 
adjustments for availability can be made if needed. Based on previous analysis, over 
90% of the groups visually observed were vocalising. Consequently, availability is 
high, meaning that the number of pygmy blue whale samples on which to base the 
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design of acoustic-only monitoring protocols is still low. This is expected for rare 
species and therefore data analysis and sources of potential biases should be 
carefully considered.  Sources of potential bias that require consideration in the results 
of the study resulting from the survey protocol include: (i) variability in ambient noise 
and effects of anthropogenic noise that has not been removed, and (ii) unmodelled 
heterogeneity over years in which visual and acoustic tracking are not performed 
(constant heterogeneity across years would need to be assumed).
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Box 6.2. Study Case 2: Monitoring trends in abundance of a rare species, pygmy blue whale, in the migratory corridor within Geographe Bay.  
Example Protocol for acoustically monitoring pygmy blue whales in Geographe Bay 
Survey design 
o Number of Survey stations:  
 Acoustics coupled with visual surveys over 
one to three seasons (longer if needed). 
Because numbers of blue whales are very low 
and there is high uncertainty in terms of full 
repertoire and acoustical behaviour, it is 
necessary to continue visual observations 
before changing to an acoustics-only 
approach.   
 The use of an acoustic array is suggested 
when multiple groups are observed in the area 
at once or if identification of pygmy blue whale 
sounds is not possible when humpback 
whales groups are present in the area and 
vocalising sounds in a similar frequency.   
o Sample schedule:  
 Because monitoring aims to population 
trends, it needs to maximise the likelihood to 
record pygmy blue whale sounds. A sampling 
schedule of at least 15 - 20 minutes every 20 
- 25 minutes is recommended.  
 Time of the survey: It is recommended to 
monitor the area between October and late 
November to account for changes in timing in 
migration.  
 
Data processing 
o Subsampling:  
 Removing temporal autocorrelation: Use 
one sample every three hours or average 
samples in three-hour blocks. Three 
samples for morning (6 to 12 pm), afternoon 
(12-6 pm) and night (6 to 12 am).  
 Use sound level estimations to identify 
recordings with pygmy blue whale sounds. 
Use PSD plots to identify peaks in sound 
levels, manually review these samples.  
 Review presence of humpback whales and 
vessel noise in the recordings. Exclude 
samples with vessel noise. Exclude samples 
with humpback whale sounds when overall 
sample size is not affected.  
o De-noising:  
 Carry out a baseline analysis on ambient 
noise and its potential masking and 
influence on sound levels.  
o Extracting metrics:  
 Cue selection: use auto-detectors for 
downsweeps and song. It is 
recommended to extract samples for 
frequencies between 20 – 40 Hz and 
between 70 - 200 Hz.  
Data analysis 
o Samples selection:  
 If using sound level estimations for 
identifying samples for manual review or 
for relative abundance, use max sound 
level metric (see chapter 4).  
 When a pygmy blue whale is visually 
detected, it is recommended to review the 
acoustical data manually. This will help to 
identify new sounds for the species.  
o Statistical analysis:   
 For years with visual and tracking 
information it is suggested to use distance 
sampling combined with removal models 
or other double observer models. If 
acoustical tracking is not available, N-
mixture models for open populations or 
other hierarchical modelling approach is 
advised. 
 Because is a rare species, evaluate the 
use of models that consider a zero inflated 
distribution.  
 If the monitoring program aims to analyse 
changes in detectability associated with 
sound propagation, it is recommended to 
use distance sampling methods.   
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6.3. Conclusions 
The use of passive acoustics for monitoring has increased in recent decades 
facilitating the development of new technologies and methods to analyse acoustical 
data. However, for acoustics to be successfully used for monitoring purposes there 
are research gaps that need to be considered. Overall, this thesis contributes to filling 
some of these gaps by considering the acoustical ecology of two species of baleen 
whales, and integrating the available information into the development of general 
optimal monitoring protocols.  
The species used in this study represent two acoustically distinctive species: 
humpback whales are abundant, highly vocal and have a complex and well-studied 
repertoire, while pygmy blue whales are rare and their acoustical ecology is 
comparatively poorly known. For both species, vocalisation rates of song and non-
song differed, with song having a higher probability of detection than non-song sounds 
for humpback whales and the opposite for blue whales, but these differed among 
years and Julian days. Because of these differences, considerations identified as 
important to optimise monitoring protocols included: the behavioural ecology of the 
species such as timing in migration and distribution; technical aspects of surveys such 
as the sampling schedules and sample size; data processing by subsampling 
recordings that may be temporally autocorrelated or have noise that may mask the 
species’ cues; and options for data analysis based on the type of data collected, 
including sound level metrics, statistical modelling and adjustments for imperfect 
detection including availability and detectability components.  
Finally, the work presented in this thesis represents a foundation on which to develop 
optimal passive acoustic monitoring protocols. The suitability of the protocol 
presented here can be assessed for other species and scenarios in the future; and 
with each iteration the protocol can be more broadly applicable. Programs using 
passive acoustics for monitoring population parameters are complex and 
considerations beyond the location, timing, and schedule for recorder deployments 
are required. In addition, although some species may share certain acoustical 
characteristics and ecological attributes, the same protocol may not necessarily be an 
optimal approach across species. Consequently, guidelines that reduce biases in data 
collected for each species and still allow temporal and geographical comparisons are 
required. As a final point, it is important to acknowledge that combining acoustics with 
visual observation is a vital step before an acoustics-only approach is undertaken. 
This is particularly important when the acoustical ecology of an area or a species of 
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interest is poorly known. In conclusion, this thesis has contributed to laying a 
foundation for continued work in developing optimal passive acoustic monitoring 
protocols that can be used globally for baleen whales or other marine species.  
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